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I K T R  03UCTION 

The p rob l em of t h e  l o n g i t u d i n a l  s t a b i l i t y  o f  f l y i n g  
b o a t s  w h i l e  i n  m o t i o n  on t h e  w a t e r  has become of m a j o r  
i m p o r t a n c e  i n  t h e  d e s i g n  o f  s u c h  b o a t s  b e c a u s e  o f  t h e  
p r e s e n t  t r e n d s  i n  t h e  c o n s t r u c t i o n  o f  t h a t  t y o e  o f  c r a f t ,  
F l y i n g  b o a t s  a r e  b e i n g  d e s i g n e d  w i t h  h i g h  w i n g  l o a d i n g s  
( i n c r e a s e d  get- away s u e s d s )  , g r e t t t e r  l o a d  c o e f f i c i e n t s  
( r e l a t i v e l y  na r row  'nulls), and  h i g h  c e n t e r s  o f  g r a v i t y .  
These  c h a r a c t e r i s t i c s ,  n o t  found I n  o l d e r  d e s i g n s ,  c a u s e  
t h e  f l y i n g  b o a t s  t o  o p e r a t e  u n d e r  c o n d i t i o n s  t h a t ,  i n  
g e n e r a l ,  have n o t  b e e n  p r e v i o u s l y  e n c o u n t e r e d .  Wi th  
t h e s e  a n d  o t h e r  c h a n g e s ,  t h e  f l y i n g  b o a t  i s  a p p a r e n t l y  
becoming  more u n s t a b l e  w h i l e  on  t h e  wa.ter a n d  a t  t h e  sa,me 
t i m e ,  i n  v iew of t h e  i r ic rea ,sed  get- away a n d  l a n d i n g  s p e e d s ,  
a c o n d i t i o n  o f  s t a b i l i t y  i s  m0r.e e s s e n t i a l  now t h a n  p r e-  
v i o u s l y .  The r e s i s t a n c e  c h a r a c t e r i s t i c s  have  become of  
s e c o n d a r y  i m p o r t a n c e  b e c a u s e  of t h e  i n c r e a s e d  power a v a i l -  
a b l e  i n  p r e s e n t  e n g i n e  d e s i g n s .  

The need  f o r  a d d i t i o n a l  r e s e a r c h  on  t h e  p rob l em of  
l o n g i t u . d i n a 1  s t a b i l i t y ,  o r  p o r p o i s i n g ,  i s  r e c o g n i z e d  a n d  
mode1.s o f  s e v e r a l  f l y i n g  b o a t s  have  a l r e a d y  b e e n  t e s t e d  
a t  t h e  NACA t a n k .  Many of t h e  f o r m s  have nstd poor  char-  
a c t e r f s t i c s  of l o n g i t u d i n a l  s t a b i l i t y ,  a n d  c h a n g e s  i n  
f o r m  have b e e n  s u g g e s t e d  f o r  t h e  p u r p o s e  o f  e i t h e r  co r-  
r e c t i n g  o r  r e d u c i n g  t h e  p o r p o i s i n g  t e n d e n c i e s .  Models o f  
new d e s i g n s  have  b e e n  t e s t e d  t o  d e t e r n i n e  u n d e r  what con- 
d i t i o n s  t h e y  a r e  u n s t a b l e ,  a n d  changes  i n  f o r m  have  b e e n  
made i n  a n  e f f o r t  t o  i n s u r e  s t a b i l i t y  for t h e  f u l l - s i z e  
f l y i n g  b o a t .  

The p r e s e n t  papei '  i s  d e v o t e d  t o  t h e  d '3.scussion o f  

J 
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c e r t a i n  methods o f  namic m o d e l s  t h a t  have b e e n  
f o u n d  h e l p f u l  i n  t h e  d e t  a t i o n  of t h e  l o n g i t u d i n a l -  
s t a b i l i t y  c h a r a c t e r i s t i c s  on t h e  w a t e r  o f  a number o f  
s p e c i f i c  f l y i n g  b o a t s .  I t  s h o u l d  b e  n o t e d  t h a t  t h e s e  
methods a r e  s t i l l  i n  the p r o c e s s  of  improvement  and  no 
method as y e t  g i v e s  a p e r f e c t  or f i n a l  a n s w e r ,  Conse- 
q u e n t l y ,  b o t h  s p e c i f i c  a n d  g e n e r a l  r e s e a r c h  must be  con- 
t i n u e d  f o r  t h e  p u r p o s e  o f  i m p r o v i n g  our knowledge o f  t h e  
p r o b l e m s  a s s o c i a t e d  w i t h  t h e  a p p e a r a n c e  of dynamic i n s t a -  
b i l i t y .  

The e f f e c t s  of  s imi la r  m o d i f i c a t i o n s  on t h e  l o n g i-  
t u d i n a l - s t a b i l i t y  c h a r a c t e r i s t i c s  o f  t h e s e  models  w i l l  
b e  compared a n d  genera .1  c o n c l u s i o n s  may b e  drawn as t o  
t h e  i m p o r t a n c e  of t h e s e  m o d i f  i c s t i o n s ,  These  r e s u l t s  
s h o u l d  b e  of a s s i s t a n c e  i n  e v a l u a t i n g  t h e  e f f e c t s  o f  pos-  
s i b l e  v a r i a t i o n s  i n  t h e  p l a n i n g  b o t t o m  of a n y  p a r t i c u l a r  
mode 1. 

R e s e a r c h  s h o u l d  n o t  be  c o n f i n e d  t o  t h e  i n v e s t i g a t i o n  
o f  d e f i n i t e  f o r m s  b u t  s h o u l d  be e x t e n d e d  t o  i n c l u d e  t h e  
d e t e r m i n a t i o n ,  i n s o f a r  as p o s s i b l e ,  of t h e  n e c e s s a r y  con- 
d i t i o n s  t h a t  must e x i s t  i n  t h e  d e s i g n  of t h e  f l y i n g  b o a t  
t o  p r o v i d e  s t a b i l i t y  o n  t h e  w a t e r  a n d  t h e  o r d e r  of t h e  
i m p o r t a n c e  of t h e s e  c o n d i t i c n s .  The t e c h n i q u e  u s e d  i n  
t e s t i n g  s h o u l d  be  d e v e l o p e d ,  w i t h  e m p h a s i s  p l a c e d  on 
d - u p l i c a t i n g  f u l l - s i z e  maneuvers .  A d d . i t i o n a 1  i n f o r m a t i o n  
s h o u l d  a l s o  b e  o b t a i n e d  c o n c e r n i n g  t h e  a p p l i c a t i o n  of 
t a n k  d a t a  a n d  o b s e r v a t i o n s  t o  t h e  f u l l - s i z e  a i r p l a n e .  

METHODS USED IM PREDTCTIWG S T A B I L I T Y  CHARACTEiiISTICS 

T h e o r e t i c a l  .- M a t h e m a t i c a l  t h e o r i e s  f o r  d e t e r m i n i n g  
t h e  c o n d i t i o n  o f  s t a b i l i t y  o f  a f l y i n g  b o a t  w h i l e  on t h e  
w a t e r  have  b e e n  s u g g e s t e d .  P e r r i n g  a n &  G l a u e r t  ( r e f e r -  
e n c e  1) were  among  t h e  f i r s t  t o  p u b l i s h  a n  a p p r o x i m a t e  
s o l u t i o n  t o  t h e  e q u a t i o n s  o f  mo t ion  f o r  a f l y i n g  b o a t .  
K l e m i n ,  P i e r s o n ,  a n d  S t o r e r  { r e f e r e n c e  2 )  nave p r e s e n t e d  
a. s l i g h t l y  d i f f e r e n t  3 rea t rnen t  of t h e  same genera .1  method 
g i v e n  i n  t h e  B r i t i s h  p a p e r .  

----__----- 

The amount of work n e c e s s a r y  t o  d e t e r a i n e  t h e  cond i-  
t i o n  o f  s t a b i l i t y  by u s e  of t h e  n e t h o d  of r e f e r e n c e  1 o r  
r e f e r e n c e  2 i s  e x t r e m e l y  l a r g e ,  Aerodynamic a n d  hydrocy-  
namic d a t a  f o r  t h e  a i r p l a n e  must b e  a v a i l a b l e ,  a n d  t h e  
a c t u a l  c o m p u t a t i o n s  a r e  t e d i o u s .  U n t i l  a more s i m p l e ,  
l e s s  l a b o r i o u s ,  a n d  more a c c u r a t e  method f o r  d e t e r n i n i n g  
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t h e  c o n d i t i o n  o f  s t a b i l i t y .  b y  means o f  t h e o r e t i c a l  com- 
p u t a t i o n s  i s  d e v e l o p e d ,  t h e  need  f o r  t e s t s  of dynamic 
models  i n  t h e  t o w i n g  t a n k  w i l l  r e m a i n .  

m 9 b s a r ~ a 4 i n s s , ~ a B a , g n ~ ~ ~ ~ - ~ ~ ~ - ~ ~ ~ ~ - ~ ~ ~ ~ - ~ ~ ~ ~ -  Pre-  
d i c t i n g  t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  model on t h e  

A b a s i s  o f  o b s e r v a t i o n s  made d u r i n g  t h e  u s u a l  t a n k  t e s t s  
may l e a d  L o  e r r o n e o u s  c o n c l u s i o n s .  The p r o c e d u r e  f o l -  
lowed i n  t h i s  t y p e  of t e s t  ( r e f e r e n c e  3 )  r e q u i r e s  o n l y  
t h a t  a model b e  g e o m e t r i c a l l y  s imi l a r  t o  t h e  f u l l - s i z e  
h u l l ;  t h e  c o r r e c t  gross w e i g h t  i s  o b t a i n e d  b y  c o u n t e r-  
b a l a n c i n g  t h e  w e i g h t  of the  model a n d  t h e  weigh t  of t h e  
t o w i n g  g e a r ,  The mass t h a t  i s  moving v e r t i c a l l y  i s  t h u s  
g r e a t l y  i n  e x c e s s  o f  t h e  w e i g h t  c o r r e s p o n d i n g  t o  t h e  
gross w e i g h t  o f  t h e  a i r c r a f t ,  Wi th  t h e  p r e s e n t  ty-pe o f  
t o w i n g  g e a r ,  i t  would be  i m p o s s i b l e  t o  o b t a i n  t h e  co r-  
r e c t  mass moving v e r t i c a l l y .  The l i f t  o f  t h e  wings  i s  
s i m u l a t e d  by  a h y d r o f o i l  l i f t i n g  d e v i c e  o r  d e a d  w e i g h t s ,  
a n d  no  e f f o r t  i s  marle t o  d u p l i c a t e  t h e  Change i n  l i f t  
w2t.h change i n  t r im ,  t h e  damping e f f e c t ,  or t h e  c o n t r o l  
moments of t h e  ae rodynamic  s u r f a c e s .  The m o d e l s  a r e  
g e n e r a l l y  c o n s t r u c t e d  o f  p i n e  or  mahogany and  no a t t e m p t  
i s  m d e  t o  o b t a i n  t h e  c o r r e c t  moment o f  i n e r t i a ,  

qk 

The p o r p o i s i n g  c h a r a c t e r i s t i c s  observed.  d u r i n g  t h i s  
t y p e  of t e s t  ai-e o n l y  a v e r y  rough a p p r o x i m a t i o n  o f  t h o s e  
f o r  t h e  f u l l - s i z e  f l y i n g  b o a t ,  

~ e s a a r a h , u a l s ~ . , d ~ e a m ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ -  R e f e r-  
e n c e s  4 ,  5 ,  a n d  6 r e p o r t  r e s e a r c h  c o n d u c t e d  b y  t h e  B r i t i s h  
i n  t h e  V i c k e r s  a n d  3 . A . E .  t a n k s  w i t h  dynamic m o d e l s ,  mod- 
e l s  w i t h  t h e  p r o p e r  g e o x e t r i c  f o r m  aqd a l s o  t h e  c o r r e c t  
moment o f  i n e r t i a  a n d  mass moving v e r t i c a l l y .  These re-  
p o r t s  d i s cus s  t h e  methods u s e d  a n d  a f ew  o f  t h e  c o n c l u-  
s i o n s  drawn f r o m  t h e  r e s u l t s  o f  t h e  t e s t s .  

B e s e a r c h  has b e e n  c o n d u c t e d  a t  t h e  NACA t a n k  t o  in-  
v e s t  i g a t e  t h e  s t a b i l i t y  C h a r a c t e r i s t i c s  of f l y i n g  b o a t s  
b y  u s e  of d y n a m i c a l l y  s imi la r  m3de l s .  The a e r o d y n a m i c  
s u r f a c e s ,  wing a n d  t a i l  g r o u p ,  a r e  a p a r t  of t h e  model.  

The r e m a i n d e r  o f  t h i s  r e p o r t  w i l l  be  d e v o t e d  m a i n l y  
t o  a d f s c u s s i o n  o f  t h e  p rob lems  i n v o l v e d  i n  t h e  c o n s t r u c-  
t i o n  of  t h e  i ; iodel,  t h e  a p p a r a t u s  f o r  making t h e  t e s t s ,  
a n d  t h e  methods of t e s t i n g .  I n  t h i s  d i s c u s s i o n ,  data 
f r o m  %he  c o n s t r u c t i o n  a n d  t e s t s  of a. model o f  a t y p i c a l  
f l y i n g  b o a t  w i l l  be  u s e d  € o r  i l l u s t r a t i o n  a n d  f r o m  t h e  
d a t a  some c o n c l u s i o n s  will be drawn as t o  changes  i n  t h e  
f o r m  of  t h e  h u l l  t h a t  w i l l  improve  t h e  s t a b i l i t y  c h a r a c-  
t e r  i s  t i c s  , 
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MODEL 

S e l e c t i o n  of  s i z e  of model . -  I n  t a n k  t e s t s ,  t h e  
-----------I------------- I 

r e s u l t s  o f  model t e s t s  a r e  c o n v e r t e d  t o  f u l l  s i z e  b y  ap- 
p l y i n g  F r o u d e ' s  law o f  compar i son .  A c c o r d i n g  t o  t h i s  
l a w ,  t h e  hydrodynamic  f o r c e s  v a r y  as t h e  cube o f  t h e  s c a l e  
a t  a g i v e n  v a l u e  o f  t h e  F r o u d e  number V2/bg  (where fT 
i s  t h e  s p e e d ;  b ,  t h e  beam o f  t h e  m o d e l ;  a n d  g ,  t h e  
g r a v i t y  c o n s t a n t ) .  I t  can  a l s o  b e  shown t h a t ,  n e g l e c t i n g  
s c a l e  e f f e c t ,  t h e  a e r o d y n a m i c  f o r c e s  va,ry i n  t h e  same 
way w i t h  s c a l e ,  N e g l e c t i n g  s c a l e  e f f e c t ,  t h e  a e r o d y n a m i c  
f o r c e s  a r e  a f u n c t i o n  of  p Z Z V 2  (where p i s  t h e  d e n s i t y  
o f  t h e  a i r ;  2 ,  a c h a r a c t e r i s t i c  l e n g t h ;  and. V ,  t h e  
s p e e d ) .  A t  t h e  same Broude  number ,  V 2  v a r i e s  as t h e  
f i r s t  power of t h e  s c a l e  a n d  22  v a r i e s  as t h e  s q u a r e  of 
t h e  s c a l e ;  hence  t h e  a e r o d y n a m i c  f o r c e s  v a r y  as t h e  cube  
o f  t h e  s c a l e ,  

I f  t h e  model i s  b u i l t  w i t h  a f o r m  s imi la r  t o  t h e  
full s i z e  and t h e  g r o s s  w e i g h t  i s  p r o p o r t i o n a l  t o  t h e  cube  
o f  t h e  s c a l e ,  t h e  hydrodynani ic  a n d  ae rodynamic  f o r c e s  on 
t h e  model w i l l ,  s i m u l a t e  tnoose o n  t h e  f u l l  s i z e ,  i f  s c a l e  
e f f e c t  i s  n e g l e c t e c ? .  I n  o r d e r  t o  r e d u c e  t h e  e r r o r  due  t o  
s c a l e  e f f e c t ,  t h e  models  a r e  b u i l t  as l a r g e  as  p o s s i b l e ,  
t h e  l i m i t i n g  c o n d i t i o n  b e i n g  t h e  w i d t h  of  t h e  t a n k .  (See  
f i g ,  1.) 

-I--- P x r t i p u l a r s  o f  m o d e l .-  The model u s e d  f o r  i l l u s t r a -  
t i o n  r e p r e s e n t s  a h y p o t h e t i c a l  d e s i g n  f o r  a modern f l y i n g  
b o a t  o f  133 ,000  pounds g ross  w e i g h t  a n d  i s  d e s i g n a t e d  
NACA model 101,  The f o r m  o f  t h e  h u l l  was c h o s e n  f r o m  a 
s e r i e s  o f  s t r e a m l i n e  h u l l s  o r i g i n a t e d  a t  t h e  NACA t a n k .  
P a r t  of t h e  s e r i e s  h a s  been  t e s t e d , b u t  t h e  r e s u l t s  have  
n o t  b e e n  p u b l i s h e d .  A l a t e r  e x t e n s i o n  o f  t h e  s e r i e s  was 
made t o  i n c l u d e  v a r i a t i o n  i n  t h e  length- beam r a t i o ,  a n d  
i t  was f r o m  t h i s  l a s t- m e n t i o n e d  f a m i l y  t h a t  t h e  h u l l  f o r  
model 101 was chosen. .  

The h e i g h t s  o f  t n e  b o w  a n d  s t e r n  were  s e l e c t e d  o n  
t h e  b a s i s  o f  t h e  results o b t a i n e d  d u r i n g  t e s t s  o f  t h e  
o r i g i n a l  s t r e a , m l i n e  h u l l s .  The length- beam r a t i o  i s  6 .54.  
The l i n e s  o f  t h e  hi111 a r e  g i v e n  i n  f i g u r e  2 ;  t h e  t y p i c a l  
s e c t i o n s ,  i n  f i g u r e  3 ;  a n d  t h e  o f f s e t s ,  i n  t a b l e s  I a n d  
11. The g e n e r a l  a r r a n g e m e n t  of t h e  c o m p l e t e  mode l  i s  
shown i n  f i g u r e  4 .  

I m p o r t a n t  d i m e n s i o n s  o f  t h e  model a r e  as  follows: z 
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F,nLl=ahe 
Dimens ions  of hull 

Bean?, maximum . , . . 1 4 . 2 5  f t  
Beam, at. s t e p  . . . . . . .  1 3 . 8 4  f t  

L e n g t h  of  a f t e r b o c l y  . . . .  37.15 f t  
L e n g t h  o f  t a i l  e x t e n s i o n .  , 3 5 . 2 4  f t  
L e n g t h ,  o v e r- a l l  . . , . , 1 2 8 . 4 1  f t 
Depth  o f  s t e p :  

Model 10136, 

Model  l O l B R ,  

14odel 101BC, 

L e n g t h  of  f o r e b o d y  . . . .  5 6 . 0 2  f t  

2 . 8  p e r c e n t  bra-rn . . .  0 .40  f t  

4 , 9  p e r c e n t  bearri . . 0.70 f t  

7 . 0  p e r c e n t  b e a n  . . .  1 . 0 0  f t  
Angle  o f  d e a d  r i s e  a t  s t e p :  

E x c l u d i n g  c h i n e  f l a r e  . , 
I n c l u d i n g  c h i n e  f l a r e  . . 

,Angle be tween  k e e l  l i n e s  a t  s t e p  

1 4 . 2 5  i n .  
13.84 i n ,  
56.02 i n ,  
3 7 . 1 5  i n .  
35.24 i n ,  

1 2 8 , 4 1  i n .  

0 .40 i n .  

0 .70  in. 

1.00 i n ,  

20° 
18.5O 

5 . 8 0  

Dimens ions  o f  wing  
Area  . . . + . . . e 3700 sq f t  3700  s q  i n .  
Span  . . . . . . . . . .  230 f t  205 i n .  
B o o t  c h o r d  . . , . , . . 2 5  f t  28  I n .  
R o o t  c n o r d ,  s e c t i o n  % . , NACA 2 3 0 2 1  
T i p  chord.  . . . . . . . .  9.23 f t  9 .33  i n .  
T i p  c h o r d ,  s e c t i o i l  . . .  NACA 23012  
Angle 01' wing s e t t i n g ,  t o  

L , E ;  a t  l o o t ,  a f t  o f  b o w  4 1 , 0 3  f t  41 .03  in. 
L e n g t h ,  k1,b.C. . b . 20.12 f t  20.12 i n .  
L . E .  M . A . C . ,  a f t  o f  bow . 43 .79  f t  43,'79 i n .  
L , E .  N . A . C . ,  forward of  

s t e p  1 2 . 2 3  f t  12 .23  i n .  
T a p e r  r a t i o  . . . . . . .  3 : l  

Uppe r- sur face  o r d i n a t e s  a,t FiS-percent c h o r d  l i e  on 

b a s e  l i n e  . . . . . . .  5 . 5 O  

A s p e c t  r a t i o  . . . . . .  1 0 . 7  

line p e r p e n d i c u l a r  t o  c e n t e r  l i n e  o f  model .  No t w i s t ,  

D imens ions  of h o r i z o z x t a l  t a i l  s u r f a c e  
A r e a  . . . . . . . . . .  504 sq f t  504 s q  i n ,  
S p a n  . . . . . . . . . .  42 .0  f t  42 .0  i n .  
C h o r d ,  t o t a l  . . a 12.0 f t  1 2 . 0  i n .  
C h o r d ,  e l e v a t o r  . .r . , s,o f t  6 . 0  i n .  
S e c t i o n  RAGA 0015 . . . . . . . . .  
Aspec t  r a t i o  . . . . . .  3 .5  

L o a d i n g  c o n d i t i o n s  
c . g .  forwa. rd  o f  s t e p  . 7 . 2 0  f t  Y420 i n .  
c . g .  above  k e e l  , * . . 13.11 f t  1 3 , l l  i n .  
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F u l l - s i z e  - 1L12-size mode1 - --------- 
Gross l o a d s  

( n o r m a l  
A l l  models  

A l s o  on  model l O 1 3 C  
= 0.72) . * 233,000 1% 76,5 l b  

cAO 

= 0.62 , . . . . , . 107,800 1% 65.8 lb ca, - 
= 0 . 8 2  . , . . . 142,500 l b  c$ 87.1 lb 

P i t c h i n g  moment of i n e r t i a  about  c .g .  
A l l  models  (ziiormal) . , 149,OQO 5.97 

s lug-f t 2 

s lug- f t 

9 lug-f t 2 

s lug-f 1; a 

A l s o  on model 1 0 1 B C  
(25- percen t  i n c r e a s e )  1 8 6 , 0 0 0  7.46 

Mass moving v e r t i c a l l y  
All models  ( n o r m a l )  . . I 133,000 lb 7 6 ’ 5  l b  

87,l l b  
A l s o  o n  model L O l B C  , I . { 95.6 1% 

114.7 l b  

F i g u r e  5 shows model l O l B A  a,sse:nbled a n d  r e a d y  f o r  t e s t -  
i n g .  , 

-I.....--- C o n s t r u c t i o n  o f  model.- I n  o r d e r  t h a t  m o d i f i c a t i o n s  
may b e  e a s i l y  made, t h e  h u l l  of t h i s  p a r t i c u l a r  model i s  
c o n s t r u c t e d  i n  t h r e e  s e c t i o n s .  The b o w  s e c t i o n  f o r m s  
t h e  p o r t i o n  of t h e  h u l l  f o r w a r d  of  s t a t i o n  10, The main 
s e c t i o n  e x t e n d s  f r o m  s t a t i o n  10  t o  t h e  a f t e r  p e r p e n d i c u l a r  
a n d  i s  r e c e s s e d  t o  r e c e i v e  t h e  t h i r d ,  o r  a f t o r b o d y ,  see- 
t i o n .  T h r e e  a , f t e r b o d y  s e c t i o n s  were a v a i l a b l e  f o r  t h e s e  
t e s t s  g i v i n . g  t h r e e  d e p t h s  of ma in  s t e p .  The wing  a n d  
t a i l  g r o u p  a r e  a t t a c h e d  t o  t h e  main s e c t i o n  o f  t h e  h u l l ,  

F i g u r e  6 shows t h e  t y p e  o f  c o n s t r u c t i o n  u s e d  th rough-  
o u t  t h e  h u l l ,  T r a n s v e r s e  f r a m e s  w i t h  l i g h t e n i n g  h o l e s  a re  
c u t  f r o m  1 /16 - inch  a n d  1/8 . - inch s p r u c e  p lywood,  A mean- 
l i n e  s t r i n g e r  o f  1 /16 - inch  plywood e x t e n d s  on e a c h  s i d e  
f r o m  bow t o  s t e r n .  O t h e r  s t r i n g e r s  a r e  1/4- by 1 /4 - inch  
b a l s a ,  Two r e l a t i v e l y  heavy  ’oulkheads {1 /8- in .  plywood 
w i t h  no l i g h t e n i n g  h o l e s )  a n d  a heavy  h o r i z o n t a l  p l a t f o r m  
(1/2-in. mahogany) are l o c a t e d  a t  t h e  p o s i t i o n  of  a t t a c h -  
ment of  wing a n d  t o w i n g  f i t t i n g ,  The b o t t o m  i s  p l a n k e d  
w i t h  1 / 8 - i n c h  b a l s a  a n d  t h e  s i d e s  and. d e c k  a r e  p l a n k e d  
w i t h  1 /16- - iach  b a l s a , ,  The h u l l  i s  c o v e r e d  w i t h  p r o f i l m  ‘ 
t o  p r e v e n t  a b s o r p t i o n  o f  w a t e r  b y  t h e  b a l s a  p l a n k i n g .  The 
b o t t o m  a n d  l o w e r  p o r t i o n  o f  t h e  s i d e s  have  t w o  c o a t s  of 
g ray  p igmen ted  v a r n i s h  i n  a d d i t i o n  t o  t h e  p r o f i l m .  The 
p r o f i l m  i s  a p p l i e d  t o  t h e  b a l s a  s k i n  i n  small  s h e e t s ,  OT 
s t r i p s ,  w i t h  o v e r l a p p l q g  e d g e s ,  



I 

-II 

H u l l  2 .32  
Wing . l l  

7 

C . g .  

0.11 2.43 
1.2 .23 

1 

H o r i z o n t a l  t a i l  
V e r t i c a l  t a i l s  
B a l l a s t  
T o t a l s  

--_I_- 

The same t y p e  o f  c o n s t r u c t i o n  ( f i g .  7 )  i s  used i n  
t h e  wing.  R i b s  a r e  plywood a n d  s t r i n g e r s  a r e  b a l s a .  A 
h o l l o w e d  b a l s a  l e a d i n g  edge  f o r m s  t h e  main s p a r ,  The 
s k i n  i s  1 /16- inch  b a l s a  a p g l i e d  i n  d i a g o n a l  s t r i p s .  Like  
t h e  h u l l ,  t h e  wing  i s  e n t i r e l y  c o v e r e d  w i t h  p r o f i l m  a n d  
i t s  u n d e r s u r f a c e  was g i v e n  t w o  c o a t s  of  g r a y  p igmen ted  
v a r n i s h .  The w i n g  i s  b o l t e d  t o  t h e  h u l l  a t  a f i x e d  loca-  
t i o n  a n d  w i t h  a f i x e d  a n g l e  o f  i n c i d e n c e  o f  5 $ O .  

The t a i l  g r o u p  i s  made u p  of four s u b a s s e m b l i e s :  
t w o  v e r t i c a l  s u r f a , c e s ,  a s t a b i l i z e r ,  a,nd a n  e l e v a A o r .  
C o n s t r n c t i o n  o f  t h e s e  s u r f a c e s  t s  s imi la r  t o  t h a t  of  t h e  
h u l l  a n d  t h e  w ing .  Inasmuch a s  t h e  lateral s t a b i l i t y  
was n o t  b e i n g  i n v e s t i g a t e d ,  t h e  t w o  v e r t i c a l  s u r f a c e s  d o  
n o t  have  mavablo r u d d e r s ;  i n s t e a d ,  e a c h  is a - s i n g l e  f i x e d  
s u r f a c e  o f  p r o p e r  a r e a  t o  s i m u l a t e  r u d d e r  a n d  v e r t i c a l  
s t a b i l i z e r ,  The s e t t i n g s  o f  b o t h  e l e v a t o r  a n d  s t a b i l i z e r  
a r e  i n d e p e n d e n t l y  a n d  r e m o t e l y  c o n t r o l l a b l e  f r o m  t h e  c m -  
r i a g e  by  means of Bowden-type c a b h s .  

---- 1,25 1 . 2 5  
3--- .43 43 
---1 1.63 1.63 
2.43 3.54 5.97 

7- 

T w o  durr t lumin r a i l s  ape  mounted i n  t h e  f o r e b o d y  o f  
t h e  m3del  t o  c a r r y  t h e  b a l l a s t  w e i g h t s .  The b a l l a s t  c a n  
b e  moved f o r e  a,nd a f t  a l o n g  t h e  r a i l s  a n d  a d j u s t e d  v e r-  
t i c a l l y  by means o f  s ~ ) a c e r s .  The c e n t e r  o f  g r a v i t y  i s  
made t o  c o i n c i d e  w i t h  t h e  p i v o t  by a d j u s t i n g  t h e  p o s i t i o n  
of t h e  b a l l a s t .  

The molnent o f  i n e r t i a  i s  d e t e r m i n e d  bv s w i n g i n g  t h e  
model .  Methods f o r  s w i n g i n g  a r e  d e s c r i b e d  i n  t h e  appen-  
d i x .  

------.-----I----------- R e l a t i v e  c o a t r i b u t i o n  of  E a r t s  of model t o  t h e  t o t a l  
momen.$ of ia_e_Xtia.- As a g u i d e  i n  t h e  c o n s t - u c t i o n  o f  
f u t u r e  dynamic m o d e l s ,  t h e  main s u b a s s e m b l i e s  of  NGCA 
rllodel 1 0 1  were  swung i n d i v i d u a l l y  t o  d e t e r m i n e  t h e  r e l a -  
ti7.e i m p o r t a n c e  o f  e a c h  i n  t h e  t o t a l  moment of i n e r t i a  
of t h e  whole  model ,  All mo:ner,ts o f  i n e r t i a  a r e  i n  s lug-  
f e e t  s q u a r e .  The d a t a  a r e  a s s e m b l e d  as f o l l o w s :  

I I ,  a b o i x t  [ t r a n s f e r  1 I a b o u t  
I t em i n e r t i a  t e s t  c . g .  

t o  t e s t  I own c . g .  I -  
1 a b o u t  

t e s t  c . g . ,  
p e r c e n t  o f  

t o t a l  

40.7 
3 . 8  

21.0 
7.2 

27.3  
100 .0  
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Note t h a t  t h e  I p  o f  t h e  t a i l  s u r f a c e s  was t o o  small 
t o  m e a s u r e ,  bu t  t h e  f i n a l  c o n t r i b u t i o n  of t h e  t a i l  s u r-  
f a c e s  t o  t h e  r e q u i r e d  t e s t  moment of i n e r t i a  o f  t h e  com- 
p l e t e  model i s  s l i g h t l y  g r e a t e r  t h a n  t h a t  o f  t h e  b a l l a s t ,  
L i g h t  c o n s t r u c t i o n  of t h e  t a i l  s u r f a c e s  a n d  t h e  a f t e r  por-  
t i o n  of t h e  n u l l  i s  t h e r e f o r e  e s s e n t i a l .  

B e ~ a r . t ~ E ~ a , f m r n , f ~ = ~ ~ ~ ~ - f ~ ~ ~ - ~ ~ a ~ - ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ - ~ ~ =  
--I---__---------.- a c t  s i m u l a t i o n  o f  ---------I-------.-- f i r l l - s i z e  b e h a v i o r  .- The model  d e s c r i b e d  
above  may b e  c o n s i d e r e d  a d i m e n s i o n a l l y  a n d  d y n a m i c a l l y  
c o r r e c t  r e p r o d u c t i o n  o f  a h y p o t h e t i c a l  f l y i n g  b o a t .  I t  
has b e e n  f o u n d  t h a t  s u c h  a, model I s  p r i i m r i l y  u s e f u l  f o r  
compar ing  t h e  r e l a t  iv-e s k a b i l i t y  of  a n y  f o r m s  t e s t e d .  
N e v e r t h e l e s s ,  t h e  s t a b i l i t y  of  a n y  f o r m  t e s t e d  on s u c h  a 
reodel- may n o t  r e p r o d u c e  e x a c t l y  that o f  a s imi l a r  f u l l -  
s i z e  f l y i n g  b o a t ,  

I n  o r d e r  t h a t  a n o r e  a c c u r a t e  i n d i c a t i o n  o f  f u l l -  
s i z e  b e h a v i o r  may be  o b t a i n e d  f r o m  t h e  m o d e l ' s  b e h a v i o r ,  
c e r t a i n  m o d i f i c a t i o n s  ~ u s t  b e  made t o  t h e  t r u e ,  s c a l e d -  
down ae rodynamic  scirfac.r?s,  These changes  a r e  n e c e s s i-  
t a t e d  by  t h e  l o w  R e y n o l d s  number a t  wh ich  t h e  models a r e  
t e s t e d .  The l o w  R e y n o l d s  a u r ~ b e s  is due  t o :  (1) p r a c t i -  
c a l  l i m i t a t i o n s  o n  s i z e  a n &  speed. ;  a n d  ( 2 )  t h e  n e c e s s i t y  
o f  r u n n i n g  t h e  h u l l  x t  t h e  p r o p e r  F r o a d e  number.  The 
r e s u l t  of t h e s e  r e q u i r e m e n t s  i s  t o  r e d u c e  t h e  a n g l e  o f  
a t t a c k  a t  which  t h e  s u r f a c e s  s t a l l  and  a l s o  t h e  maximum 
l i f t  c o e f f i c i e n t .  

Ar, a d d i . t i o n n 1  d i f f i c u l t y  a r i s e s  f r o m  t b e  f a c t  t n a t  
t h e  a i r s p e e d  ove r  t h e  model i s  r e d u c e d  t o  a va.lue s l i g h t l y  
be low t h e  water s p e e d ,  b e c a u s e  t h e  a i r  i s  d r a g g e d  a l o n g  
by  t h e  t o w i n g  c a r r i a g e .  A r e d u c t i o n  i n  t h e  t o t a l  l i f t  a t  
any  a n g l e  a n d  s p e e d  i s  t h e r e f  o re  i n h e r e n t .  

The l o w  s t a l l i n g  a n g l e  2nd l o w  maximum l i f t  c o e f f i -  
c i e n t  c a n  be  compensa t ed  f o r  b y  a d d i n g  l ead ing- edge  s l a t s  
t o  t h e  w i n g  of t h e  model ,  The da t a  g i v e n  i n  r e f e r e n c e  7 
have  b e e n  u s e d  i n  d e s i g n i n g  s u c h  s l a t s .  

The l o w  t o t a l  l i f t  may be  compensa t ed  f o r  b y  a d d i n g  
a r e a  t o  t h e  s c a l e - s i z e  w ing ,  u s u a l . 1 ~  by  e x t e n d i n g  t h e  
t i p s .  A d d i t i o n a l  a r e 2  may a , l s o  be  n e c e s s a r y  on  e l e v a t o r s  
t o  o b t a i n  t h e  c o r r e c t  c o n t r o l  moments. 

The aer0d.ynami.c c h a r a c t e r i s t i c s  a r e  d e t e r m i n e d  b y  tow-  
i n g  t h e  model j u s t  c l e a r  o f  t h e  w a t e r  a n d  m e a s u r i n g  t h e  
t o t a l  l i f t  and t r i m m i n g  monent .  A d j u s t m e n t s  o f  s l a t s ,  

t 



9 

a a r e a s ,  a n d  S O  f o r t h  may then  b e  made on t h e  basis  of t h e s e  
r 9 s u l t s .  

APPARATUS 

I n  o r d e r  t o  reduce t h e  aerodynamic i n t e r f e r e n c e  
betmeen t h e  t o v i n g  c a r r i a g e  zn4 a dynamic model, t h e  water 
l e v e l  i s  reduced f r o m  that  g i v e n  i n  r e f e r e n c e  3 r e s l x l t i n g  
i n  a c l e a r a n c e  between t h e  model and t h e  b o t t o m  of  t h e  
c a r r i a g e  of  a?proxima,tely 10  f e e t .  Xn t h e s e  t e s t s  t h e  
model was towed f r o m  a small a u x i l i a r y  c a r r i a g e  which was 
pushed by t h e  main c a r r i a g e .  The s e l a t i v e  p o s i t i o n s  of 
t h e  model, t h e  main and a u x i l i a , r y  c a r r i a g e s ,  and t h e  t a n k  
a r e  shown i n  f i T u r e  1, F i g u r e  8 s h o ~ s  t h e  model be ing  
towed under t h e  c a r r i a g e .  iyith t h e  model sup-ported benea th  
t h e  a u x i l i a r y  c a r r i a g e  t h e  a i r s p e e d  i n  the v i c i n i t y  o f  the 
w i n g  of Lhe model i s  s l i g h t l y  lower than  t h e  c a r r i a g e  speed,  
With t h e  model suppor ted  beneath  t h e  mafii c a r r i a g e  a t  t h i s  
same l o w  wate r  l e v e l ,  t h e  a i r s p e e d  is s l i e h t l y  h i g h e r  than 
t h e  c a r r i a g e  speed ,  I n  n e i t h e r  case i s  t h e r e  any a p p r e c i a b l e  
d i s t o r t i o n  of t h e  d i r e c t i o n  o f  t h e  n f r  stream, 

The a u x i l i a r y  c a r r i a g e ,  shown i n  f i S u r e  1, is of 
welded s t e a l  t u b e  c o n s t r u c t i o n  w i t h  f o u r  s u p p o r t i n g  wheels  
a n d  f o u r  p a i r s  o f  gu ide  Vliheels. A 1 1  wheels have pneumatic 
t i r e s ,  An i n v e r t e d  pyramid Mads o f  s t e e l  t u b i n g  a n d  ex- 
t e n d i n g  below t h e  c a r r i a g e  s u p p o r t s  a r o l l e r  cage. The 
r o l l e r  caqe c o n s i s t s  o f  t w o  s e t s  of ba l l- bear ing  r o l l e r s ,  
l o c a t e d  about a f o o t  a p a r t  v e r t i c a l l y ,  Each of t h e s e  s e t s  
of  r o l l e r s  i s  made up of e i g h t  r o l l e r s  l o c a t e d  t w o  on each 
s i d e  o f  a 2- by  1- inch r e c t a n g l e .  A v e r t i c a l  toming s t a f f  
of  r e c t a n g u l a r  s e c t i o n ,  and o f  t he  above d imensions ,  is 
gu ided  by $he r o l l e r  m g e ,  The model t o  be t e s t e d  i s  p iv-  
oted  a t  t h e  lower end of t he  t o w i n g  s t a f f ,  the p ivo t  b a i n g  
l o c a t e d  a t  t h e  c e n t e r  of g r a v i t y  of t h e  b a l l a s t e d  m o d e l ,  
The model i s  t h u s  f r e e  t o  p i t c h  about i t s  c e n t e r  of grau- 
f t y ,  a t  t h e  lower end of t h e  s t a f f ,  and r i s e  v e r t i c a l l y  
w i t h  t h e  s t a f f .  R e s t r a i n t  i n  yaw a n d  r o l l  i s  provided by 
t h e  r o l l e r  cage.  

g a r  t h e  u s u a l  s t a b i l i t y  t e s t s ,  trim i s  read  f r o m  a n  
f n d i c a t  o r  l o c a t e d  on t h e  model. 

PRO C BDURE 

For  the  purpose of  i n v e s t i g a t i n g  t h e  s t a b i l i t y  char- 
a c t e r i s t i c s  of f l y i n g  b o a t s  fn t h e  NACA t a n k ,  two g e n e r a l  



t y > e s  o f  t e s t  p r o c e d u r e  a r e  u s u a l l y  f o l l o w e d :  (1) The 
r a n g e  o f  trims a t  wh ich  t h e  m o d e l  i s  s t a b l e  i s  d e t e r m i n e d  
f o r  a s e r i e s  of c o n s t a n t  s p e e d s  c o v e r i n g  a p r a c t i c a l  
r a n g e  o f  o p e r a t i o n ;  a n d  (2) t h e  v a r i a t i o n  i n  a t t i t u d e  a n d  
b e h a v i o r  of  t h e  model i s  n o t e d  d u r i n g  a c c e l e r a t e d  r u n s I  

C o n s t a , n t - 8 g a ~ g _ r , y p S -  I n  g e n e r a l ,  t h e r e  a r e  t w o  p r i -  
mary l i m i t s  of s t a b i l i t y :  a n  u p p e r  l i m i t  c o n s i s t i n g  of t w o  
p a r t s  ( t h e  uppe r  l i m i t ,  i n c r e a s i n g  trim; a n d  t h e  u p p e r  
l i m i t ,  d e c r e a s i n g  t r i m )  a n d  a lower  l i m i t .  Changes i n  
t r i m  beyond  t h e  u p p e r  l i m i t ,  i n c r e a s i n g  t r i m ,  o r  t h e  lower  
l i m i t  r e s u l t  i n  p o r p o i s i n g .  

D u r i n g  t h e  e a r l y  i n v e s t i g a k i o n s ,  t h e  t a , i l  was s e t  a t  
f i x e d  a n g l e s  a n d  t h e  t r im a n d  c o n d i t i o n  o f  s t a b i l i t y  w e r e  
n o t e d  a t  a s e r i e s  of t a i l  s e t t i n g s  a n d  c o n s t a n t  s p e e d s .  
The model assumed f r e e- t o- t r i m  a t t i t u d e s ,  a n d  t h e  cond i-  
t i o n  or" s t a b i l i t y  was n o t e d  a f t e r  a smal l  i n i t i a l  p i t c h i n g  
mo t ion  had  b e e n  a p p l i e d ,  If t h e  model was v i o l e n t l y  un- 
s t a b l e ,  t h e  t r f m  vas  d e t e r m i n e d  b y  r e s t r a i n i n g  t h e  model 
i n  p i t c h  w i t h  t w o  o p p o s i t e  v e r t i c a l  f o r c e s  a p p l i e d  t o  t h e  
t a i l  a n d  by  g r a d u a l l y  r e d u c i n g  t h e s e  f o r c e s  u n t i l ,  a t  t h e  
i n s t a n t  o f  r e l e a s e ,  t h e  f o r c e s  were  a p p r o x i m a t e l y  z e r o ,  
The t r i m  was r e a a  a t  t h e  i n s t a n t  o f  r e l e a s e  b e f o r e  a n  
a p p r e c i a b l e  a m p l i t u d e  of  p o r p o i s  i n g  deve  1 oped.  

By t h e  i n v e s t i g a t i o n  of  t h e  c o n d i t i o n  o f  s t a b i l i t y  
f o r  a number o f  s e t t i n g s  of t h e  t a i l ,  t h e  t r ims a t  which  
t h e  model w i l l  be  s t a b l e  c a n  b e  d e t e r m i n e d .  

The model i s  l i k e w i s e  r u n  a t  8 s e r i e s  of c o n s t a n t  
s p e e d s  w i t h  t h e  p o s i t i o n  o f  t h e  t a i l  g r o u p  c o n t r o l l e d  by  
a n  o p e r a t o r  on t h e  c a r r i a g e ,  A t  e a c h  s p e e d  t h e  t r i m  of 
t h e  h u l l  i s  changed  b y  a d j u s t i n g  t h e  e l e v a t o r  a n d  s tab i-  
l i z e r  p o s i t i o n s  u n t i l  t h e  a v a i l a b l e  maximum o r  minimum 
t r i m s  a r e  o b t a i n e d  o r  u n t i l  p o r p o i s i n g  mo t ion  i s  n o t e d .  
The t r i m  a t  which p o r p o i s i n g  m o t i o n  i s  f i r s t  o b s e r v e d  i s  
d e s i g n a t e d  as a l l m i t  of s t a b i l i t y .  T y p i c a l  c u r v e s  a r e  
shown i n  f i g u r e  9 .  

The lower  l i m i t  of s t a b i l i t y  i s  o b t a i n e d  b y  d e c r e a s-  
i n g  t h e  t r i m  and  u s u a l l y  a p p e a r s  j u s t  over  t h e  hump s p e e d  
as t h e  a f t e r b o d y  comes c l e a r  of t h e  w a t e r .  T h i s  l i m i t  i s  
p r e s e n t  over  t h e  r e m a i n d e r  o f  t h e  t a k e - o f f .  

The u p p e r  1 imi . t  o f  s t a ' o i l i t y  ( i n c r e a s i n g  t r i m )  gen-' 
e r a l l y  a p p e a r s  a t  i n t e r m e d i a t e  p l a n i n g  s p e e d s  and  i s  
r e a c h e d  b y  i n c r e a s i n g  t i ie t r i n  u n t i l  p o r p o i s i n g  o c c u r s .  

* 
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B e c a u s e  t h e  t r i m  of  t h e  h u l l  i s  h i g h ,  t h i s  p o r p o i s i n g  i s  
of  t e n  r e f e r r e d  t o  as " h i g h - a n g l e  p o r p o i s i n g . t '  

A f t e r  t h e  u p p e r  l i m i t  o f  s t a b i l i t y  ( i n c r e a s i n g  t r im)  
has b e e n  exceeded  a n d  p o r p o i s i n g  i s  s t a r t e d ,  t h e  e l e v a t o r s  
a r e  moved t o  p r o d u c e  a lower trim a n d  s t o p  t h e  mo t ion .  
The mQdel  does  n o t  become s t a b l e  as t h e  u p p e r  l i m i t  ( i n-  
c r e a s i n g  g r i m )  i s  a g a i n  r e a c h e d ,  O f t e n  t h e  t r i m  must  be  
d e c r e a s e d  by s e v e r a l  d e g r e e s  be low t h i s  l i m i t ,  b e f o r e  
s t a b i l i t y  i s  e s t a b l i s h e d .  7dhen t h e  model becomes stable, 
t h e r e  i s  g e n e r a l l y  a sudden  d e c r e a s e  i n  t r i m  i n d i c a t i n g  
t h a t  a n  e x c e s s  o f  c o n t r o l  moment had t o  b e  a p p l i e d  t o  s t o p  
t h e  p o r p o i s i n g .  Tlie trim i s  n o t e d  just ,  b e f o r e  t h i s  sudden 
d e c r e a s e  and  i s  d e s i g n a t e d  t h e  upper  l i m i t ,  d e c r e a s i n g  
t r i m ,  

I f  t h e  e l e v a t o r  c o n t r o l  i s  i n s u f f i c i e n t  t o  r e a c h  t h e  
u p p e r  l l ~ i t ,  t h e  m o d e l  i s  jumped t o  a h i g h  t r i m  by  a Bud- 
d e n  change  i n  t h e  a n g l e  of a t t a c k  o f  t h e  e l e v a t o r s ,  T h i s  
nzaneuver somet imes  s t a r t s  p o r p o i s i n g  t h a t  c o n t i n u e s  u n t i l  
t h e  trim i s  d e c r e a s e d  t o  t h e  upper l i m i t ,  d e c r e a s i n g  trim. 

A c c e l e r a t e d  --....-- ---- --------- r u n s  .- Acc3lerated r u n s  a r e  u s e d  f o r  de- 
t e r m i n i n g  t t le  s t a b l e  p o s i t i o n s  of t h e  c e n t e r  of g r a v i t y  
a n d  f o r  l o c a t i n g  t h e  b e s t  p o s i t i o n  o f  t h e  s t e p .  These  t e s t s  
a r e  made w i t h  t h e  t a i l  g r o u p  at f i x e d  a n g l e s  o f  a t t l a c k .  A t  
p r e a r r a n g e d  s p e e d s  ( i n t e r v a l s  of 5 f p s )  d u r i n g  t h e  a c c e l e r -  
a t i o n $  t h e  t r im of t h e  model i s  r e n d  a n d  t h e  b e h a v i o r  n o t e d .  
T h i s  p r o c e d u r e  i s  r e p e a t e d  at  s e v e r a , l  s e t t i n g s  of t h e  t a i l  
g r o u p .  The a c c e l e r a t i o n  i s  c o n t i n u e d  t o  get- away s p e e d  un- 
l e s s  t h e  po rpo i s in ,p  beconies t o o  v i o l e n t ,  i n  which  c a s e  t h e  
model i s  taker i  o u t  of t h e  w a t e r .  r ' o r  t h l s  t y p e  o f  t e s t  t h e  
get- away s p e e d  o f  t h e  model s h o u l d  1 o g i c a . l l y  b e  a t t a i n e d  i n  
a t i n e  e q u a l  t o  t h a t  f o r  t h e  f u l l - s i z e  m u l t i p l i e d  by  t h e  
s q u a r e  r o o t  of th:; s c a l e .  If t o o  r a p i d  a n  a c c e l e r a t i o n  
were  u .sed,  t h e  t i lne  a v a i l a b l e  f o r  making r e a d i n g s  would  b e  
i n s u f f i c i e n t .  A l o w e r  r a t e  o f  a c c e l e r a t i o n  i s  t h e r e f  o r e  
a p p l i e d ,  a n d  emphas i s  i s  p l a c e d  on t h e  r e p r o d l i c i n g  o f  t h e  
r a t e  of  a c c e l e r a t i o n  i n  s ~ ~ c c e s s i v e  r u n s .  Get-away s p e e d  
g e n e r a l l y  i s  r e a c h e d  i n  30 o r  40 s e c o n d s .  The e f f e c t  o f  
c h a n g i n g  t h e  r a t e  of  a c c e l e r a t i o n  w i l l  be  d i s c i i s s e d  l a t e r .  

If 8 s p e c i f i c  d e s i g n  i s  b e i n g  i n v e s t i g a t e d ,  t h e  con- 
t r o l  nioment p r o d u c e d  by t h e  t a i l  s h o u l d  c o r r e s p o n d  t o  t h a t  
o f  t h e  f u l l  s i z e ,  T h i s  c o n t r o l  moment i s  checked  b y  making 
a n  ae rodynamic  t e s t  i n  which  t h e  mode l  i s  towed j u s t  c l e a r  
of  t h e  w a t e r ,  and  t h e  l i f t  and. t h e  c o n t r o l  moments a r e  r e a d  
f r o m  dynamometers l o c a t e d  i n  t h e  s u p p o r t i n g  c a b l e s ,  
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i s  u s e d  i n  i n v e s t i g a t i n g  t ake- of f  and  l a n d i n g  c h a r a c t e r i s -  
t i c s ,  The r a t e  of a c e e l e r a t i o n  of t h e  c a r r i a g e  i s  i n c r e a s e d  
and t h e  model i s  f l o w n  o f f  a n d  l a n d e d  a t  d i f f e r e n t  a t t i -  
t u d e s .  M o t i o n  p i c t u r e s  p e r m i t  ZL m o r e  d e t a i l e d  s t u d y  o f  t h e  
b e h a v i o r .  

BESULTS dXD D I S C U S S I O W  

Gqns t an t - sqged  t e s t s . A -  Inasmuch as m o s t  of t h e  i n v e s-  
t i g a t i o n s  were made u s i n g  model l O l B C  (1.00 i n . ,  d e p t h  of  
s t e p ) ,  t h e  r e s u l t s  o b t a i n e d  w i t h  t h i s  model w i l l  be d i s -  
c u s s e d  i n  d e t a i l .  

The d a t a  p l o t t e d  i n  f i g u r e  9 ,  r e p r e s e n t i n g  t h e  l i m i t s  
of s t a b i l i t y  f o r  model l O l B C ,  show a c o n s i d e r a b l e  s c a t t e r  
o f  p o i n t s ,  e s p e c i a l l y  be tween  t e a t s  made on d . f f f e r e n t  d a t e s .  
T h i s  n c a t t e r  may be  p a r t i a l l y  e x p l a i n e d  b y  t h e  f a c t  t h a t  
t h e  p l a n i n g  b o t t o m  n e a r  t h e  s t e p  co-ilcf n o t  b e  m a i n t a i n e d  as 
smooth a s  would be  d e s i r a b l e .  Because  of  t h e  s e v e r e  por-  
p o i s i n g  t o  which t h e  n o d e l  had  S e e n  s u b j e c t e d  d u r i n g  t h e s e  
t e s t s ,  i t  vas necessary t o  r e p a i r  t h o  c o v e r i n g  on t h e  f o r e-  
body b o t t o m  nep,r t h e  main s t e p  on s e v e r a l  o c c a s i o n s .  E a c h  
t&me t h e  wood was fo-ilnc? t o  be  w a t e r- s o a k e d .  F o r  one t e s t ,  
t h i s  p l a n i n g  b o t t o m  was d e l i b e r a t e l y  r o u g h e n e d  by  f i t t i n g  
s t r i p s  o f  p r o f i l m ,  which  were a t t a c h e d .  j u s t  f o r w a r d  o f  t h e  
main s t e p  and l o o s e  a t  t h e  t r a i l i n g  e n d ,  The s c a t t e r  of 
p o i n t s  was i n c r e a s e d  a n d  t h e  l ower  l i m i t  o f  s t a b i l i t y  w a s  
s u b s t a n t i a l l y  d e c r e a s e d .  These  r e s u l t s  emphas i ze  t h e  ne- 
c e s s i t y  of m z i n t a i n i n g  t h e  same c o n d i t i o n  of smoo thnes s  
t h r o u g h o u t  t h e  t e s t s  i f  t h e  r e s u l t s  o b t a i n e d  w i t h  d i f f e r -  
e n t  m o d i f i c a t i o n s  a r e  t o  b e  c o m ~ a , r e d .  

The p o r p o i s i n g  mo t ion  tha t  a p p e a r s  on d e p a r t u r e s  i n  
t r i m  b e l o w  t h e  lower  l i m i t  i s  main13 m o t i o n  i n  p i t c h  a n d  
g e n e r a l l y  damps r a p i d l y  as t h e  t r i m  i s  i n c r e a s e d .  The ac- 
c u r a c y  o f  t h e  d e t e r m i n a t i o n  of t h i s  limit i s  a b o u t  f _ 1 / 4 O  
f o r  t n e s e  t e s t s .  The p o r p o i s i n g  j u s t  beyond  t h e  hump 
s p e e d  i s  n o t  p a r t i c u 1 a r l . y  v i o l e n t  and  t h e  a m p l i t u d e  o f  t h a  
mo t ion  i n c r e a s e s  s l o w l y ,  The r e v e r s e  i s  a l s o  t r u e :  t h e  
a m p l i t u d e  d e c r e a s e s  s l o w l y  when t h e  t r i m  i s  a g a i n  i n c r e a s e d ,  
i n d i c a t l n g  t h a t  t h e  damping f o r c e s  a r e  smal l .  T h i s  c h a r a c-  
t e r i s t i c  was p a r t i c u l a r l y  e v i d e n t  f o r  a l l  t h e  m o d i f i c a t i o n s  
of model 131. 

A t  h i g h  s p e e d s  t h e  l ower  l i m i t  i s  v e r y  d e f i n i t e  and  t h e  
a m p l i t u d e  of t h e  p o r p o i s i n g  r a p i d l y  i n c r e a s e s  w i t h  d e p a r t u r e  

f 
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i n  t r i m  be low t h e  l i m i t .  Mos t  o f  t h e  dynamic models 
t e s t e d  i n  t h e  t a n k  show t h i s  c h a r a c t e r i s t i c .  A r e c o r d  
o f  t h e  trim a n d  r i s e  d u r i n g  t h i s  p o r p o i s i n g  i s  shcwn i n  
f i g u r e  l O ( c ) .  

P o r p o i s i n g  a t  t h e  uppe r  l i m i t  is g e n e r a l l y  v i o l e n t ,  
A f t e r  a v e r y  s l i g h t  d e p a r t u r e  i n  t r i m  a b o v e  t h e  u p p e r  
l i m i t  , t h e  p o r p o i z i n g  m o t i o n  i n c r e a s e s  r a p i d l y  and  a p p e a r s  
t o  b e  a l m o s t  I n d e p e n d e n t  of' t h e  amount o f  t h e  d e p a r t u r e  
i n  t r i m  above  t h e  l i m i t .  The mo t ion  i s  m a i n l y  i n  r i s e ,  
a n d  t h e  model ap-pszrs t o  bounce  on t h e  main s t e p  w i t h  
r e l a t i v e l y  l i t t l e  v e r t i c a l  mot fon  a t  t h e  s e c o n d  s t e p .  
The v a r i a t i o n  o f  t h e  t r i m  a n d  r i s e  d u r i n g  t h i s  p o r p o i s i n g  
i s  shown i n  f i g u r e  l O ( a , ) -  The l a r g e  v a r i a t i o n  i n  r i s e  i s  
e v i d e n t  f r o m  t h e s e  r e c o r d s .  The a c c u r a c y  o f  d e t e r m i n a t i o n  
of t h e  u p p e r  l i m i t  ( i n c r e a s i n g  t r i m )  i s  a b o u t  1 1 / 4 O  f o r  ? 

t h e s e  t e s t s .  

If t h e  e l e v a t o r s  a r e  r e t u r n e d  t o  t h e  s e t t i n g  a t  which  
t h e  model was s t a b l e  j u s t  b e f o r e  t h e  p o r p o i s i n g  b e g a n ,  t h e  
m o t i o n  will n o t  s t o p ,  F u r t l - e r  d e c r e a s e  i n  trim i s  neces-  
s a r y  t o  r e c o v e r  s t a b i l i t y .  The trim a t  which  p o r p o i s i n g  
c e a s e s  (upper  l i m i t ,  d e c r e a s i n g  trim) i s  d e t e r m i n e d  i n  
t h e s e  t e s t s  t o  a n  a c c u r a c y  o f  a b o u t  %1/2O. A t  4 %  f e e t  p e r  
s e c o n d  ( f i g .  9 )  t h e  model a i d  n o t  start p o r p o i s i n g  u n t i l .  
a t r i m  o f  go was exceed.e&,  b u t  a r e c o v e r y  f r o m  t h i s  i n s t a -  
b i l i t y  c o u l d  n o t  be  made u n t i l  t h e  t r i m  was d e c r e a s e d  t o  
a l m o s t  6 0 ,  b ' i th  a s t a b l e  c o n d i t i o n  a t  48 f e e t  p e r  s e c o n d  
t h e r e  i s  a r a n g e  o f  trims of a b o u t  ?*  Sn which  tine model 
does  n o t  p o r p o i s e .  When p o r p o i s i n g  s t  h i g h  a n g l e s  i s  
s t a r t e d ,  however ,  t h i s  r a n g e  o f  s t a b l e  t r i m s  i s  r e d u c e d  t o  
ab o u t  40 

R r e c o r d  o f  t h e  t r i m  a n d  r i s e  d u r i n g  a r e c o v e r y  f r o m  
t h i s  t y p e  o f  p o r p o i s i n g  i s  shown i n  f i g u r e  l O ( b ) ,  This 
r e c o r d  i l l u s t r a t e s  t h e  s u d d e n  d e c r e a s e  i n  t r i m  as p o r p o i s-  
i n g  s t o p s .  

The p r e s e n c e  o f  t h e  u p p e r  l i m i t ,  d e c r e a s i n g  t r i m ,  may 
a c c o u n t  f o r  t h e  v i o l e n t  p o r p o i s i n g  t h a t  o c c u r s  i n  making 
s t a l l e d  l a n d i n g s  w i t h  some f l y i n g  b o a t s  w h i c h ,  a t  t h e  same 
t i m e ,  a p p a r e n t l y  have  no  p o r p o i s i n g  t e n d e n c i e s  d u r i n g  t h e  
t ake-of f . 

A t  low s p e e d s ,  a p p r o x i m a t e l y  2 6  t o  31 f e e t  p e r  s e c o n d i  
a n o t h e r  v a r i a t  i o n  i n  t h e  p o r p o i s i n g  was o b s e r v e d .  If t h e  
t r i m  i s  v e r y  s u d d e n l y  i n c r e 2 s e d  t o  a h i g h  v a l u e ,  e i t h e r  by 
c h a n g i n g  t h e  e l e v a t o r  ang1.e o r  b y  s t a r t f n g  v i o l e n t  p o r p o i s-  
i n g  b e c a u s e  of a l a r g e  d e c r e a s e  i n  t r i m  b e l o w  t h e  lower  

J 
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l i m i t ,  a p o r p o i s i n g  mo t ion  t h a t  i s  e n t i r e l y  u n c o n t r o l l a b l e  
may b e  e s t a b l i s h e d .  The a m p l i t u d e  i n  s e v e r a l  c a s e s  was 
g r e a t e r  t h a n  l o o +  The lower  e x t r e m e  o f  t h e  t r im l i e s  be- 
l o w  t h e  lower  l i m i t ,  The u p p e r  ex t r eme  i s  a h i g h e r  t r i m  
t h a n  can b e  o b t a i n e d  w i t h  t h e  a v a i l a b l e  c o n t r o l  moment a n d  
p r o b a b l y  l i e s  above  a n  u p p e r  l i m i t ,  A r e c o v e r y  by  u s e  o f  
t h e  e l e v a t o r s  w a s  i m p o s s i b l e ;  t h e  model was u s u a l l y  r e-  
moved f r o m  t h e  w a t e r  t o  p r e v e n t  i t s  b e i n g  damagedb F i g u r e  
1 0 ( d )  s h o w s  t h e  v a x f a t i o n  i n  t r i m  and  r f s e  d u r i n g  t h i s  
p o r p o i s  i n g .  

The c o n d i t i o n  o f  s t a b i l i t y  o b t a i n e d  w i t h  f i x e d  s e t-  
t i n g s  o f  t h e  t a i l  may b e  compared w i t h  t h e  l i m i t s  of s t a-  
b i l i t y  o b t a i n e d  by  c h a n g i n g  t h e  a n g l e  o f  i n c i d e n c e  of t h e  
t a i l  s u r f a c e s  u n t i l  p o r p o i s i n g  o c c u r s .  Such  a c o m p a r i s o n  
i s  s h o w n  i n  f i g u r e  11. The r e s u l t s  o b t a i n e d  by e i t h e r  
p r o c e d u r e  a r e  s u b s t a n t i a l l y  t h e  same. T h i s  ag reemen t  in-  
d i c a t e s  t h a t  a n y  small  moments t h a t  may b e  i n t r o d u c e d  by 
t h e  p r e s e n c e  of t h e  Eowden c a b l e  a r e  n e g l i g i b l e ,  

A s  a r u l e ,  when t e s t s  a r e  made a t  c o n s t a n t  s p e e d s ,  
t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  a r e  d e t e r m i n e d  f o r  only o n e  
p o s i t i o n  o f  t h e  c e n t e r  of g r a v i t y ,  M o d i f i c a t i o n s  o f  t h e  
model are t h e n  t e s t e d  i n  En e f f o r t  t o  d e t e r m i n e  t h e  c h a n g e s  
t h a t  w i l l  i n c r e a s e  t h e  r a n g e  of  s t a b l e  tr ims.  A v a i l a b l e  
i n f o r m a t i o n  i n d i c a t e s  t h a t  t h e  p r i n c i p a l  e f f e c t  of moving 
t h e  c e n t e r  of  g r a v i t y  i s  t h e  change  i n  p i t c h i n g  moment 
t h a t  r e s u l t s  i n  a change  i n  t h e  t r i m ,  

An i n c r e a s e  i n  t h e  r a n g e  o f  s t a b l e  t r i m s  Fsould b e  
e x p e c t e d  t o  i n c r e a s e  t h e  r a n g e  o f  s t a b l e  p o s i t i o n s  f o r  t h e  
c e n t e r  of g r a v i t y  u n l e s s  t h e  m o d i f i c a t i o n  p r o d u c e s  a com-c 
p a r a b l e  change i n  hydrodynamic  moment. I n  o r d e r  t o  d e t e r-  
mine t h e  r a n g e  o f  s t a b l e  p o s i t i o n s  f o r  t h e  c e n t e r  of  grav- 
i t y ,  t e s t s  a r e  o r d i n a r i l y  made a t  a c c e l e r a t e d  s p e e d s .  

Aceelera$&$ runsA-  R e s u l t s  o b t a i n e d  b y  making t e s t s  
a t  a c c e l e r a t e d  s p e e d s  a r e  p l o t t e d  i n  f i g u r e  2 2 ,  The l i m -  
i t s  o f  s t a b i l i t y  o b t a i n e d  a t  c o n s t a , n t  s p e e d s  a r e  a l s o  
shown i n  f i g u r e  12, A s  t h e  t r i m  durin'g t h e  a c c e l e r a t e d  
r u n s  c r o s s e s  t h e  l i m i t  of s t a b i l i t y ,  t h e  mod.el b e g i n s  t o  
p o r p o i s e  a n d  c o n t i n u e s  p o r p o i s i n g  u n t i l  t h e  trirn i s  a g a i n  
i n  a s t a b l e  r e g i o n ,  I n  t h i s  r e s p e c t  t h e  t w o  methods g i v e  
f a i r l y  c o n s i s t e n t  r e s u l t s ,  

If t h e  c o n t r o l  moment a n d  l i f t  of t h e  f u l l - s - l z e  fly- 
i n g  b o a t  a r e  s i m u l a t e d  on t h e  mode l ,  t h i s  method g i v e s  st 
r a p i d  i n d i c a t i o n  of t h e  s t a b i l i t y ,  Only s e t t i n g s  of t h e  
e l e v a t o r  u s e d  i n  a c t u a l  f l i g h t  n e e d  t o  be  i n v e s t i g a t e d ,  
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t T h i s  method h a s  b e e n  u s e d  t o  d e t e r m i n e  t h e  r a n g e  of p o s i-  
t i o n s  f o r  t h e  c e n t e r  o f  g r a v i t y  a t  which  t h e  model i s  
s t a b l e  b 

If t h e  a c c e l e r a t i o n  is  small, t h e  a m p l i t u d e  o f  p o r e  
p o i s i n g  may become l a r g e  b e c a u s e  t h e  trim of t h e  model 9 

-4 is i n  a n  u n s t a b l e  r e g i o n  € o r  a l o n g  p e r i o d  of  t in re .  Wi%h 
l.5 a more r a p i d  a c c e l e r a t i o n  t h e  model p a s s e s  t h r o u g h  a n  un- 

s t a b  l e  r e gi on  w i t hou t deve  1 o p i n g  a n  a p p r  e c i a b  l e  amp1 i t ude  
of p o r p o i s i n g .  T h i s  e f f e c t  has b e e n  noted. i n  t e s t s  o f  
s e v e r a l  models .  Tile a c c e l e r a t i o n  must t h e r e f o r e  b e  r e p r o-  
duced as  n e a r l y  a s  p o s s i b l e  f o r  t e s t s  o f  a l l  m o d i f i c a t i o n s  
o f  a model i f  t h e  r e s u l t s  a r e  t o  b e  c o m p a r a b l e ,  

o’\ 

The r e s u l t s  o b t a i n e d  b y  e i t h e r  method of t e s t i n g  a r e  
i n f l u e n c e d  by waves .  With  a c c e l e r a t e d .  r u n e ,  howeve r ,  t h e  
p r e s e n c e  of t h e  waves w i l l  h ave  a g r e & t e r  e f f e c t  on t h e  
r e s u l t s ,  Each  r e a d i n g  i s  a p a r t  o f  t h e  t i m e  h i s t o r y  o f  
t h e  v a r i a t i o n  n f  t h e  t r im,  a n d  t h e  r e a d i n g s  a t  a n y  p a r t i c -  
u l a r  speed  ape  n o t  i n d e p e n & e n t  of p r e v i o u s  r e a d i n g s ,  If 
t h e  trim i s  su .ddenly  i n c r e a s e d  as  t h e  model passes t h r o u g h  
a wave ,  p o r p o i s i n g  mazy be s t a r t e d  and t h e  r e a d i n g s  t a k e n  
i m m e d i a t e l y  t k e r e a f  t e r  a r e  changed  3 y  t h i s  i n i t i a l  por-  
p o i s i n g .  F o r  t h i s  rea , son  a l l  r u n s  a r e  made w i t h  a b o u t  t h e  
same t i m e  i n t e r v e l  be tween  r u n s  a n d  a .bout  t h e  same d e g r e e  
o f  r o u g h n e s s  o f  t h e  w a t e r .  

f n  t h e  c a e e  of t e s t s  a t  a c c e l e r a t e d  s p e e d s  t h e  con- 
d i t i o n  o f  t h e  waves  f n  t h e  t a n k ,  t h e  v a r i a t i o n s  i n  r a t e  
of  a c c e l e r a t i o n ,  a n d  t h e  g e n e r a l  d i f f i c u l t y  of r e a d i n g  
t r i m  d u r i n g  g o r p o i s i n p  c a u s e  c o n s i d e r a b l e  s c a t t e r  of t h e  
p o i n t s  when t n e  r e s u l t s  a r e  p l o t t e d ,  If t h e  s t a b i l i t y  
c h a r a c t e r i s t i c s  o f  t h e  mod.el a r e  p a r t i c u l a r l y  p o o r ,  i t  i s  
v e r y  d i f f i c u l t  t o  o b t a i n  d a t a  showing  a s y s t e m a t i c  v a r i a-  
t i o n  t h a t  t e s t s  o f  o t h e r  models  (by t h e  same method)  in-  
d i c a t e  i s  p r e s e n t .  

g c f e c t  of v a r  i%~i~sas,is,~on~ee4,ef i n e r  t.iaA- The e f-  
f e c t  on t h e  p o r p o i s i n g  c h a r a c t e r i s t i c s  of a change  i n  
moment o f  i n e r t i a  i s  of  i n t e r e s t  b e c a u s e  I t  i s  o f t e n  
n e c e s s a r y  o r  d e s i r a b 1 . s  t o  make t e s t s  a,t o t h e r  t h a n  t h e  
d e s i g n  v a l u e s .  If t h e  c o n s t r u c t i o n  of t h e  model is n o t  
s u f f i c i e n t l y  l i g h t ,  t h e  moment of i n e r t i a  o f  t h e  u n b a l-  
l a s t e d  model may b e  s u c h  t h a t  i t  i s  i m p o s s i b l e  t o  o b t a i n  
b a l a n c e  a b o u t  t h e  a e n t e r  of  g r a v i t y  w i t h o u t  e x c e e d i n g  t h e  
d e s i g n  v a l u e  € o r  t h e  moment o f  i n e r t i a ,  When s e v e r a l  
loads are b e i n g  i n v e s t i g a t e d . ,  i t  i s  usually s u f f i c i e n t  a n d  
most c o n v e n i e n t  t o  u s e  one v a l u e  o f  the moment of i n e , r t i a  
for a l l  t h e  loads ,  
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I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  o f  v a r i a t i o n  i n  I 

t h e  moment o f  i n e r t i a  on t h e  l i m i t s  of  s t a b i l i t y ,  model 
l O l B C  was r u n  w i t h  a 25- percen t  e x c e s s  moment of i n e r t i a ,  
t h e  g r o s s  l o a d  a n d  mass moving v e r t i c a l l y  b e i n g  k e p t  con- 
s t a n t .  

The l i m i t s  of s t a b i l i t y  f o r  t h e  n o r m a l  c o n d i t i o n  
( 5 . 9 7  s l u g - f t 2 )  a n d  f o r  a 2 5- p e r c e n t  e x c e s s  (7 .46  slug- 

f t 2 )  a r e  shown J n  f i g u r e  13, The e x c e s s  moment of i n e r-  
t i a  h a s  l i t t l e  e f f e c t  oh t h e  l i m i t s  of s t a b i l i t y  w i t h i n  
t h e  accu r9 , cy  of  t h e  t e s t s ,  t h e  o n l y  n i ea su rab le  d i f f e r e n c e  
b e i n g  a t  t h e  u p p e r  l i m i t ,  d e c r e e s i n g  t r i m .  S i n c e  t h i s  
l i i n i t  i s  cteteri i i ined by  a r e c o v e r y  f r G m  a n  e x i s t i n g  u n s t a b l e  
c o n d i t i o n ,  some change  w o u l d  be e x p e c t e d  w i t h  a change  i n  
t h e  moment of i n e r t i a .  h p r e c i s e  a d j u s t m e n t  o f  t h e  moment 
Of  i n e r t i a  o f  a model t o  t h e  d e s i g n  v a l u e  i s  t h e r e f o r e  n o t  
c r i t i c a l  i f  t h e  l i m i t s  of s t a b i l i t y  a r e  t o  be  determinedl  
f r o m  c o n s t a n t- s p e e d  r u n s .  If s e v e r a l  c o n n i t i o n s  of l o a d-  
i n g  a r e  b e i n g  i n v e s t i g a t e d ,  a n  a v e r a g e  v a l u e  of t h e  moment 
of i i i e r t i a  may b e  u s e d  f a r  all t h e  l o a d s .  

Vnf Q r t u n a t e l y ,  comparab le  d a t a  were n o t  o b t a i n e d  a t  
a c c e l e r a t e d  s p e e d s .  T e s t s  o f  o t h e r  models  i n d i c a t e ,  how- 
e v e r ,  t h a t  v e r y  l a r g e  d e p a r t u r e s  f r o m  t h e  d e s i g n  v a l u e  o f  
t h e  moment of i n e r t i a  do i n f l u e n c e  t h e  r e s u l t s ,  

* 
E f f % g t  of v a r i a t i , o n s  i n  mass moving v e r t i c a l l y ,-  The 

e f f e c t  o f  v a r y i n g  t h e  mass moving v e r t i c a l l y  (model l O l B C )  
on t h e  l i m i t s  o f  s t a b i l i t y  i s  shown i n  f i g u r e  14, The 
mass moving v e r t i c a l l y  was i n c r e a s e d  by a d d i n g  a w e i g h t  t o  
t h e  t o w i n g  s t a f f  a n d  a.n eQu.al c o u n t e r w e i g h t  t h u s  k e e p i n g  
a c o n s t a n t  l o a d  on t h e  w a t e r ,  The n o r m a l  mass moving v e r-  
t i c a l l y  ( 7 6 . 5  1%) was i n c r e a s e d  by  14 p e r c e n t ,  25 p e r c e n t ,  
a n d  5 0  p e r c e n t ,  

The lower  l i m i t  a n d  t h e  u p p e r  l i m i t ,  i n c r e a s i n g  t r i m ,  
a r e  u n a f f e c t e d  b y  t h e  v a r i a t i o n s  i n  mass moving v e r t i c a l l y ,  
w i t h i n  t h e  l i m i t s  o f  a c c u r a c y  o f  t h e  t e s t s .  The u p p e r  
l i m i t ,  d e c r e a s i n g  t r i m ,  i s  s h i f t e d  t o  lower  t r ims  as t h o  
mass moving v e r t i c a l l y  i s  i n c r e a s e d .  Such  a change i s  ex- 
p e c t e d  b e c a u s e  t h i s  l i m i t  r e p r e s e n t s  t h e  trim o f  r e c o v e r y  
f r o m  a n  a l r e a d y  e x i s t i n g  p o r p o i s i n g  c o n d i t i o n .  

F i g u r e  15 shows s imi la r  d a t a  o b t a i n e d  b y  a c c e l e r a t e d  
r u n s  f o r  two s e t t i n g s  o f  t h e  t a i l  g roup .  I n  g e n e r a l ,  a n  
i n c r e a s e  i n  mas8 moving v e r t i c a l l y  t e n d s  to d e l a y  t h e  in -  
c r e R s e  i n  a m p l i t u d e  of p o r p o i s i n g .  With  n e u t r a l  e l e v a t o r s  
a n d  95 .6  pounds moving v e r t i c a l l y ,  t h e  a m p l i t u d e  a p p a r e n t l y  
d i d  n o t  have  t i m e  t o  d e v e l o v ,  Wi th  114.7 pounds  moving 

c 



v e r t i c a l l y ,  t h e  p o r p o i s i n g  became unmanageable  a t  a lowar  
s p e e d ,  T h i s  b e h a v i o r  i s  p r o b a b l y  due t o  t h e  p r e s e n c e  of  
waves i n  t h e  t a n k .  Wi th  t h e  t a i l  s e t  f o r  minimum t r i m ,  
t h e  i n c r e a s e  i n  a m p l i t u d e  o f  p o r p o i s i n g  was d e f i n i t e l y  
d e l a y e d  as  t h e  mass moving v e r t i c a l l y  was i n c r e a s e d .  Wi th  
t h i s  s e t t i n g  of t h s  t a , i l  a n d  e x c e s s  mass moving v e r t i c a l l y ,  
t h e  model was removed f r o m  t h e  w a t e r  s o o n  a f t e r  p o r p o i s i n g  
b e g a n  t o  p r e v e n t  i t s  b e i n g  daxlaged, 

E f f s c t  o f  v a r i a t i o n s  of d e e t h  of  s t e x 2 -  The l i m i t s  
------3---1-1------------- ------c- 

o f  s t a b i X i t . y ,  w i t h  t h r e e  d e p t h s  o f  s t e p ,  a r e  shown i n  f i g-  
u r e  1 6 ,  The change  i n  t he  lower  l i m i t  i s  v e r y  small and  
i s  p r o b a b l y  c a u s e d  b y  changes  i n  t h e  c o n d i t i o n  of t h e  
p l a n i n g  b o t t o m  r a t h e r  t h a n  b y  t k e  i n c r e a s e  i n  d e p t h  o f  
s t e n .  No a p p r e c i a b l e  change  i s  e x p e a t e d  b e c a u s e  t h e  model  
i s  p l a n i n g  on t h e  f o r e b o d y  a l o n e ,  a9d  t h e  o n l y  w a t e r  s t r i k -  
i n g  t h e  a f t e r b o d y  i s  t h e  s p r a y  f r o m  under  t h e  f o r e b o d y ,  
wh ich  o c c u r s  a t  h i g h  s p e e d s .  

The u p p e r  l i m i t  of s t a b i l i t y ,  i n c r e a s i n g  t r i m ,  i s  
r a i s e d  as  t h e  d e p t h  of  s t e p  i n c r e a s e s ,  T h i s  r a i s i n g  of 
t h e  l i m i t  may b e  c a u s e d  b y  i n c r e a s e d  a f t e r b o d y  c l e a r a n c e ,  
b e t t e r  v e n t i l a t i o n  b e h i n d  t h e  e t e g ,  or a c o m b i n a t i o n  of 
t h e  t w o ,  

With  t h e  s h a l l o w  s t e p  (model  1017jk) e x c e s s i v e  nega-  
t i v e  p r e s s u r e s  were  p r e s e n t  d u r i n g  p o r p o i s i n g  a t  h i g h  
a n g l e s  a n d  h i g h  s p e e d s ;  a n d  b o t h  s i d e s  of t h e  a f t e r b o d y  
p l a n i n g  s u r f a c e  b e h i n d  t h e  s t e p  w e r e  t o r n  out o f  t h e  model 
d u r i n g  t h e  t e s t s ,  P r e s s u r e  measurements  made on a n o t h e r  

,model  i n d i c a t e  t h a t  t h e  n e g a t i v e  p r e s ~ u r e s  may become 
q u i t e  l a r g e  d u r i n g  h i g h- a n g l e  p o r p o i s i n g .  I n  t h i s  l a s t-  
m e n t i o n e d  c a s e  e i t h e r  v e n t i l a t i o n  of t h e  s t e p  by t h e  i n-  
s t a l l a t i o n  o f  a i r  d u c t s  o r  a n  i n c r e a s e  i n  t h e  d e p t h  of  
6 t e p  improved t h e  p e r f o r m a n c e .  

The u p p e r  l i m i t ,  d e c r e a s i n g  t r i m ,  i s  also r a i s e d  as  
t h e  d e p t h  of s t e p  i s  i n c r e a s e d .  The v i o l e n c e  of t h e  mo- 
t i o n ,  a a  t h e  t r i m  i s  d e c r e a s e d  t o  a p y r o a c h  t h i s  l i m i t ,  
i s  also r e d u c e d .  The model i s  more c o n t r o l l a b l e  a n d  gen- 
e r a l l y  e a s i e r  t o  h a n d l e  w i t h  a d e e p  s t e p .  

E f f e c t  o f  vastations 09 gross  l o a d  coefficient &A ,- 
.---- -_c- 

Load c o e f f i c i e n t  i s  d e f i n e d  b y  

where  
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A. gross  l o a d ,  poun3s 

w s p e c i f i c  w e i g h t  of w a t e r ,  pounds pe r  c u b i c  f o o t  

b beam of h u l l ,  f e e t  

The e f f e c t s  of  v a r i a t i o n s  i n  l o a d  C o e f f i c i e n t  on t h e  . 
l i m i t s  o f  s t a b i l i t y  a r e  shown i n  f i g u r e  17, F o r  t h e s e  
t e s t s  t h e  moment of i n e r t i a  a n d  t h e  mass moving v e r t i c a l l y  
were  k e p t  c o n s t a n t ,  The p r e v i Q u s  t e s t s  i n d i c a t e  t h a t  t h e  
e f f e c t s  af  v a r i a t i o n s  of t h e s e  q u a n t i t i e s  a r e  s m a l l  a n d  f w  
c c n v e n i e n c e  t h e y  were  n o t  v a r i e d .  

Over t h e  hu.mp and  a t  i n t e r r n e d i a t e  p l a n i n g  s p e e d s ,  t h e  
l ower  l i m i t  of s t a b i l . i t y  i s  r a i s e d  as t h e  l o a d  c o e f f i c i e n t  
i s  i n c r e a s e d ,  T h e r e  i s  an. i n c r e a s e  i n  damping a t  s p e e d s  
j u s t  ove r  t h e  hump w i t h  t h e  h i g h e r  l o a d  c o e f f i c i e n t s ,  t h e  
model w i t h  t h e  s m a l l e s t  l o a d  c o e f f i c i e n t  (Ca = 0 . 6 2 )  hav- 
a lmos t  no dampine  at, a l l  i n  t h i s  s p e e d  r a n g e ,  A t  h i g h  
s p e e d s  t h e  lower  l i m i t s  o f  s t a b i l i t y  w i t h  t h e  t h r e e  v a l u e s  
of tvhe l o a d  c o e f f i c i e n t  t e n d  t o  a p p r 3 a c h  t h e  same t r i m s ,  

The v a r i a t i o n  i n  t h e  u p p e r  l i m i t  of s t a b i l i t y ,  i n-  
c r e a s i n g  t r i m ,  i s  smal l  a x d  i s  n o t  s o  c o n s i s t e n t  a s  t h e  
v a r i a t i o n  i n  t h e  lower limit, The l i m i t  i s  r a i s e d  a s  t h e  
l o a d  i s  i n c r e a s e 6  and, w i t h  t h e  same a v a i l a b l e  t r i m m i n g  9 

moinent, t h e  l i m i t  f i r s t  a p p e a r s  a t  a h i g h e r  s p e e d ,  
! 

The e f f e c t  o n  t h e  lower  b r a n c h  of t h e  u p p e r  l i m i k  i s  
q u i t e  l a r g o ,  A $  t h e  l o a d  c c e f f i c i e n t  i s  i n c r e a s e d ,  th{s  
l i m i t  i s  r a i s e d  and  t h e  s p e e d  a t  wh ich  i t  f i r s t  a p p e a r s  
i s  i n c r e a s e d  

C ONC LUD ING R fr: NAFi K S 

Two methods f o r  i n v e s t i g a t i n g  t h e  s t a b i l i t y  c h a r a c-  
t e r i s t i c s  o f  dynamic models have  b e e n  s u g g e s t e d ;  

(I) T e s t s  a t  c o n s t a n t  s p e e d .-  The a t t i t u d e  o f  t h e  
-----I-_-_____----------- ----- 

model i s  v a r i e d  b y  means of t h e  t a i l  g r o u p ,  a n d  t h e  t r im  
a t  which  p o r p o i s i n g  b e g i n s  o r  s t o p s  i s  n o t e d .  T h i s  t y p e  
o f  t e s t  d e f i n e s  t h e  r a n g e  nf  trims a t  wh ich  t h e  model i s  
s t a b l e ,  

Al ths izgh a n  a c e u r a t e  s i m u l a t i o n  of f u l l - s i z e  c o n t r o l  
moment i s  n o t  e s s e n t i a l ,  s u f f i c i e n t  c o n t r o l  s h o u l d  be  
a v a i l a b l e  t o  a t t a i n  t h e  P imZt ing  t r ims .  A s h i f t  o f  t h e  
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C 

c e n t e r  of' g r a v i t y  may be  n e c e s s a r y  t o  o b t a i n  t h i s  c o n t r o l  
moment. 

S m a l l  v a r i a t i o n s  i n  t h e  moment of i n e r t i a  a n d  i n  t h e  
mass moving v e r t i c a l l y  have  a n e g l i g i b l e  e f f e c t  on t h e  cn 

0 
-3 l i m i t s  o f  s t a b i l i t y ,  With  an e x c e s s  of e i t h e r ,  a s l i g h t  I 
4 s h i f t  o f  t h e  u p p e r  l i m i t ,  d e c r e a s i n g  t r i m ,  i s  made t o w a r d  

l o w e r  t r ims .  

The p o r p o i s i n g  c h a r a c t e r i s  t i c s  a r e  g e n e r a l l y  d e t e r -  
mined f o r  o n l y  one p o s i t i o n  o f  t h e  c e n t e r  o f  g r a v i t y  by 
t h i s  method.  I n  o r d e r  t o  d e t e r m i n e  t h e  r a n g e  of  s t a b l e  
p o s i t i o n s  f o r  t h e  c e n t e r  o f  g r a v i t y ,  t h e  f o l l o w i n g  method 
r e q u i r e s  l e s s  t i m e  a n d  i s  c o n s e q u e n t l y  p r e f e r a b l e .  

(2 )  T e s t s  a t  a c c e l e r a t e d  Qeed.-  The t r im and ampl i -  
t u d e  of p o r p o i s i n g  a r e  n o t e d  a t  p r e d e t e r m i n e d  s p e e d s  dur-  
i n g  a n  a c c e l e r a t e d  r u n .  Data a r e  t a k e n  f o r  t w o  o r  t h r e e  
s e t t i n g s  o f  t h e  t a i l ,  T h i s  t y v e  of  t e s t  d e t e r m i n e s  t h e  
a m p l i t u d e s  of p o r p o i s i n g  o f  t h e  model ove r  t h e  r a n g e  o f  
a v a i l a b l e  c o n t r o l  moment, 

------I------------------ ---- 

C o n t r o l  mouients , c o r r e s p o n d i n g  t o  t h e  f u l l  s i z e ,  
must b e  s i m u l a t e d  i f  t h e s e  r e s u l t s  a r e  t o  b e  u s e d  i n  p re-  
d i c t i n g  f u l l - s i z e  behav io r  

M a i n t a , i n i n g  c o r s e c t  moment o f  i n e r t i a  a n d  mass moving 
v e r t i c a l l y  i s  more i m p o r t a n t  i f  t h i s  proced.ure  i s  u s e d  
t h a n  i f  t e s t s  a r e  of t h e  c o n s t a n t- s p e e d  t y p e ,  

D i f f e r e n t  a m p l i t u d e s  of  p o r p o i s i n g  c a n  be  o b t a i n e d  
f o r  t h e  same model b y  v a r y i n g  t h e  r a t e  o f  a c c e l e r a t i o n .  
With t h e  p r e s e n t  method € o r  c o n t r o l l i n g  t h e  t o w i n g  ear- 
r i a g e ,  an a c c u r a t e  r e p r o d u c t  i o n  o f  a c c e l e r a t e d  r u n s  i s  
d i f f i c u l t ,  

A c o m b i n a t i o n  o f  t h e  t w o  methods f o r  t e s t i n g  would  
p r o b a b l y  g i v e  t h e  m o s t  r e l i a b l e  r e s u l t s  w i t h  t h e  l e a s t  
a,mount of  t e s t i n g ,  The l i m i t s  af  s t a b i l i t y  would be  
f i r s t  d e t e r m i n e d  by making c o n s t a n t- s p e e d  runs  e Modif i- 
c a t i o n s  would be made on t h e  b a s i s  o f  t h e s e  t e s t s  a n d  t h e  
m e r i t  o f  any  a l t e r a t i o n  i n  f o r m  w o u l d ,  i n  g e n e r a l ,  be  
measu red  i n  t e r m s  o f  changes  o f  t h e  s t a b i l i t y  l i m i t s .  
The m o d i f i c a t i o n  showing  t h e  m o s t  d e s i r a b l e  s t a b i l i t y  
c h a r a c t e r i s t i c s  would t h e n  be  t e s t e d  by a c c e l e r a t e d  r u n s ,  
a n d  t h e  r a n g e  o f  s t a b l e  p o s i t i o n s  f o r  t h e  c e n t e r  o f  g r av-  
i t y  would be de te rmined -.  T h e s e  l a s t- m e n t i o n e d  t e s t s  
w o u l d  i n d i c a t e  a n y  f u r t h e r  c h a n g e s  n e c e s s a r y  t o  make t h i s  
r a n g e  o f  p o s i t i o n s  c o r r e s p o n d  t o  t h o s e  a e c e s s a r g  f o r  a e r o-  
dynamic s tab  i 1 i t y  , 
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I n c r e a s i n g  t h e  -7epth o f  s t e p  h a s  no  a p p r e c i a b l e  
e f f e c t  on t h e  l o w e r  l j m i t  o f  s t a , b i l i i ; y .  The uppe r  l i m -  
i t s  a re  r a i s e d  w i t h  a n  i n c r e a s e  i n  d e p t h  o f  s t e p ,  a n d  
t h e  v i o l e n c e  of  h igh- ang le  p o r p o i s i n g  i s  g s e a t f y  r e d u c e d .  

I p c r e a s i n g  t h e  l o a d  c o e f f i c i e n t  r a i s e s  t h e  lower  
l i m i t  o f  s t a b i l i t y .  The e f f e c t  i s  g r e a t e s t  a t  i n t e rme-  
d i a t e  p l a n i n g  s p e e d s  The u p p e r  l i m i t ,  i n c r e a s i n g  t r i m ,  
i s  r a i s e d  as t h e  l o a d  i s  i n c r e a s e d  and  t h e  s p e e d  a t  wh ich  
t h i s  l i m i t  i s  f i r s t  d e t e r m i n e d  i s  also i n c r e a s e d ,  The 
u p p e r  l i m i t ,  d e c r e a s i n g  t r i m ,  i s  moved t o  h i g h e r  t r ims  
a n d  s p e e d s  w i t h  an i n c r e a s e  i n  l n a d  c o e f f i c i e n t .  

L a n g l e y  Memnr l a 1  Rer o n a u t i c a l  L a b o r a t o r y ,  
N a t i o n a l  A d T r i s o r y  Comrnittee f o r  A e r o n a u t i c s ,  

L a n g l e y  F i e l d ,  Va. 
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APPENDIX 

D E T E R M I N A T I O N  OF T H E  B I T C H I N G  MOMENT OF I N X R T I A  

OF A DYNAMIC MODEL 

I n  a n  e x p e r i m e n t a l  s t u d y  o f  t h e  l o n g i t u d i n a l  s t a b i l-  
i t y  o f  a f l y i n g  b o a t  b y  t h e  use  of ~t mode l ,  i t  i s  d e s i r a b l e  
t h a t  t h e  mo t ions  of  t h e  model c o r r e c t l y  r e p r o d u c e  t h o s e  o f  
t h e  full-size c r a f t .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  measure  
t h e  p i t c h i n g  moment o f  i n e r t i a  o f  t h e  model ,  T h i s  measure-  
ment may be  a c c o m p l i s h e d  by s w i n g i n g  t h e  mode l  as a com- 
p o u n d  pendulum,  

I 

&nife-edq.o p2s-du1um4- h n  e l e m e n t a r y  f o r m  df t h e  pen- 
dulum i s  t h a t  shown i n .  f i g u r e  1 8 .  The model i s  s u s p e n d e d  
by means o f  r i g i d  l i n g s  f r o m  a p a i r  of k n i f e  e d g e s .  Q de-  
t a i l e d  d i s c u s s i o n  o f  t h e  mothorl i s  g i v e n  i n  r e f e r e n c e  8.  
T h e  v i r t u a l  moment o f  i n e r t i a  of  t h e  model a b o u t  a l a t e r a l  
a x i s  t h r o u g h  i t s  c e n t e r  of  g r a v i t y  mag be  e x p r e s s e d  as 
f o l l o w s  : 

where  

I t r u e  moment o f  i n e r t i a  o f  s t r u c t u r e  o f  model about  a 
l a t e r a l  a x i s  through:  i t s  c e n t e r  o f  g r a v i t y ,  slug- 
f t 2  

T l  p e r i o d  of o s c i l l a t i o n  of c o m p l e t e  pendulum,  s e e  

W, weigh$. o f  c o m p l e t e  pendqlum,  l b  

L ,  d i s t a n c e  f r o m  a x i s  o f  r o t a t i o n  ( k n i f e  e d g e s )  t o  cen-  
t e r  o f  g r a v i t y  of c o n p l e t e  pendulum,  f t  

T 2  p e r i o d  o f  s w i n g i n g  g e a r  a l o n e ,  s e c  

W, w e i g h t  o f  s w i n g i n g  gear a l o n e ,  Ib 

L2 d i s t a n c e  f r o m  k n i f e  e d g e s  t o  c e n t e r  of g r a v i t y  o f  
s w i n g i n g  g e a r ,  f t  

W w e i g h t  o f  mode l ,  1% 
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g a c c e l e r a t i o n  due  t o  g r a v i t y ,  f t / s e c 2  

V volume of mode l ,  c u  f t  

p mass d e n s i t y  of a i r ,  slugs/cu f t  

a d d i t i o n a l  mass e f f e c t  due t o  t h e  momentum i m p a r t e d  
t h e  s u r r o u o d i n g  a i r ,  slugs 

Mil 

L d i s t a n c e  f r o m  k n i f e  e d g e s  t o  c e n t e r  o f  g r a v i t y  of  
mode l ,  f t  

I a d d i t i o n a l  moment o f  i n e r t i a  a b o u t  k n i f e  e d g e s  o f  a i r  
d i s t u ' r b e d  by  model , s l u g - f t 2  A 

The f i r s t  t w o  t e r m s  of  t h e  e q u a t i o n  r e p r e s e n t ,  r e s p e c t i v e l y ,  
t h e  moments o f  i n e r t i a  a b o u t  t h e  kn i f e- edge  a x i s  of t h e  
c o m p l e t e  pendulum and  o f  t h e  s w i n g i n g  gear a l o n e .  The l a s t  
t e r m  t r a n s f e r s  t h e  r e m a i n i n g  moment of  i n e r t i a  ( t h a t  of t h e  
model i t s e l f )  t o  a p a r a l l e l  a x i s  t h r o u g h  t h e  c e n t e r  of g rav-  

i t y  o f  t h e  model .  The f a c t o r  f E +  VF, + M 

mass o f  t h e  model as  swung.  T h i s  f a c t o r  i s  t h e  sum of t h e  

mass d e t e r m i n e d  f r o m  t h e  m o d e l ' s  we igh t  i n  a i r  - *  t h e  m a B s  

of a i r  en t r a ,pped  i n  t h e  model V p ;  a n d  t h e  a d d i t i o n a l  mass 
e f f e c t  due  t o  t h e  mo t ion  i m p a r t e d  t h e  s u r r o u n d i n g  a i r  I q R ,  

Under o r d i n a r y  c o n l i t i o n s ,  t h e  l a s t  t w o  e f f e c t s  may b e  
s a f e l y  n e g l e c t e d ,  The t h i r d  t e r m  o f  t h e  e q u a t i o n  I& i s  
t h e  moment of  i n e r t i a ,  a b o u t  t h e  a x i s  o f  o s c i l l a t i o n  o f  t h e  
a i r  s e t  i n  m o t i o n  b y  t h e  model .  

i s  t h e  t r u e  \ 
" /  b 

w 
g '  

I n  t h e  d e s i g n  of a f u l l - s c a l e  f l y i n g  b o a t ,  t h e  moment 
of i n e r t i a  i s  u s u a l l y  computed f o r  t h e  s t r u c t u r e  a l o n e .  
T h i s  v a l u e ,  when r e d u c e d  i n  p r o p o r t i o n  t o  t h e  f i f t h  power 
o f  t h e  s c a l e  of t h e  m o d e l ,  i s  t h a t  t o  which  t h e  moment of 
i n e r t i a  o f  t h e  s t r u c t u r e  o f  t h e  model s h o u l d  c o r r e s p o n d .  
The n e g l e c t  of t h e  IA te rm i n  s w i n g i n g  t h e  model c a u s e s  
a n  a p p r e c i a b l e  e r r o r .  F o r  example  (if t h e  r e s u l t s  o b t a i n e d  
w i t h  XACA model 101 a r e  u s e d ) ,  t h e  v a l u e  of I computed 
by t h e  method of r e f e r e n c e  8 i s  0 .32  s l u g - f t 2  zr 5 .4  p e r c e n t  
o f  t h e  t r u e  moment of  i n e r t i a  d e s i r e d  f o r  t h e  s t r u c t u r e  
a l o n e ,  5 . 9 7  s l u g - f t " .  

The l e n g t h  o f  t h e  pendulum s h o u l d  be  k e p t  s h o r t  i n  
o r d e r  t h a t  t h e  moment o f  i n e r t i a  o f  t h e  model a b o u t  i t s  own 
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c e n t e r  o f  g r a v i t y  be a l e r g e  p a r t  of t h e  moment of i n e r t i a  
o f  t h e  t o t a l  pendulum a b o u t  t h e  a x i s  o f  o s c i l l a t i o n .  

The e r r o r  i n  q e a s u r i n g  a moment o f  i n e r t i a  t h a t  may 
t e d  i n  a n y  g i v e n  c a s e  may b e  e a s i l y  d e t e r m i n e d  

f r o m  t n e  f u n d a m e n t a l  formula and t h e  p r o b a b l e  e r r o r s  i n  
m e a s u r i n g  t i n e ,  l e n g t h ,  and  w e i g h t ,  I n  t h e  c a s e  of t h e  
s u b j e c t  mode l ,  t h i s  e r r o r  amounts  t o  a p p r o x i m a t e l y  1 p e r -  
c e n t .  

Ca re  n u s t  a l s o  b e  t a k e n  t h a t  t h e  model i s  s w i n g i n g  
i n  a n  are a b o u t  t h e  k n i f e- e d g e  a x i s  a n d  t h a t  n o  o t h e r  
freed.om is p o s s i b l e ,  

--___.----__ Added-weight __-....-_. method _-..--I.-- o f  -- s w i n p i n g A -  --.- b-- A somewhat more 
c o n v e n i e ~ t  a d a p t a t i o n  o f  t h e  conpouna  pendulum i s  a t  p r e s -  
s e n t  u sed  at t h e  N A C A  t a n k ,  F i g u r e  1 9  s h o w s  t h e  a r r a n g e-  
ment ,  I n  t h i s  method t h e  model i s  s u s p e n d e d  f r o m  t h e  t o w-  
i n g  s t a f f  a c t u a l l y  u s e d  i n  t e s t i n g .  The b a l l - b e a r i n g  p i v o t  
i s  l o c a t e d  a t  t h e  d e s i r e d  c e n t e r  o f  g r a v i t y  t o  be t e s t e d  
a n d  a n  a d d i t i o n a l  w e i g h t  s u s p e n d e d  r i g i d l y  be low t h e  model 
t o  g i v e  penddlum s t a b i l i t y ,  A compound pendulum i s  t h u s  
f o r m e d  w i t h  i t s  c e n t e r  o f  g s 2 , v i t g  somewhat b e l o w  t h e  p i v o t .  
The f o l l o w i n g  e q u a t i o n  may b e  d e r i v e d :  

whe re  

I moment o f  i n e r t i a  o f  model a b o u t  a l a t e r a l  a x i s  t h r o u g h  
i t s  c e n t e r  of g r a v i t y ,  s l u g - f t 2  

w a d d e d  w e i g h t ,  l b  

2 d i s t a n c e  f r o m  p i v o t  t o  c e n t e r  of  g r a v i t y  o f  added  w e i g h t ,  
f t  

T p e r i o d  3f o s c i l l a t i o n ,  s e c  

I, moraent o f  i n e r t i a  o f  a d d e d  w e i g h t  a b o u t  i t s  own c e n t e r  
oE g r a v i t g ,  slug-f t 2  

The rnortlept o f  i n e r t i 2  o f  t h e  added  w e l g h t  a b o u t  i t s  
own c e n t e r  of g r a v i t y  may i n  m o s t  c a s e s  be n e g l e c t e d .  
Ambien t- ai r  e f f e c t s  have  n o t  been  c o n s i d . e r e d  i n  t h e  a b o  pee 
e q u a t i o n ,  a n 3  t h e i r  o m i s s i o n  r e s u l t s  i n  a n  e r r o r  e x a c t l y  
t h e  same as t h a t  due t o  t h e i r  o m i s s i o n  f r o m  t h e  f o r m u l a  

I 
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f o r  t h e  k n i f e- e d g e  s y s t e m .  The p o s s i b l e  e r r o r  due t o  
e r r o r s  i n  measurement  i s ,  o f  c o u r s e ,  t h e  same as t h a t  in 
a kn i f e- edge  pendulum.  

The c h i e f  a d v a n t a g e s  i n  t h e  u s e  o f  a n  added- weight 
pendulum l i e  i n  t h e  e a s e  of  s e t t i n g  up and b a l a n c i n g  t h e  
model .  One d i s a d v a n t a g e  i s  t h a t  t h e  f r i c t i o n  o f  t h e  
b a l l - b e a r i n g  p i v o t  i s  h i g h e r  t h a n  t h a t  o f  a s e t  of k n i f e  
e d g e s ,  making i t  more d f f f i c u l t  t o  g e t  a s u f f i c i e n t  num- 
b e r  o f  o s c i l l a t i o n s .  

B a l l a , s t i n f :  ------I-- c 2 r o c e d u r e . -  --------- The usua l  p r o c e d u r e  f o f lowed 
a t  t h e  WACA t a n k  is t o  s u s p e n d  t h e  model a t  t h e  d e s i r e d  
l o c a t i o n  o f  t h e  c e n t e r  of g r a v i t y  a n d  t o  b a l a n c e  t h e  model 
a b o u t  t h e  p i v o t  b y  t r i a l .  l o c a t i o n  of b a l l a s t .  The added  
w e i g h t  i s  t h e n  a t t a c h e d  t o  t h e  model a n d  a t r i a l  moment 
o f  i n e r t i a  o b t a i n e d .  Compu ta t ions  t h a n  i n d i c a t e  t h e  
p r o p e r  l o c a t i o n  and amount of b a l l a s t  t o  g i v e  t h e  c o r r e c t  
l o c a t i o n  of t h e  c e n t e r  of g r a v i t y  and t h e  c o r r e c t  moment 
o f  i n e r t i a .  F r o m  t h e  t r i a l  b a l l a s t  and  i t s  l o c a t i o n ,  t h e  
c e n t e r  o f  g r a v i t y  of  t h e  u n b a l l a s t e d  model a n d  i t s  moment 
of  i n e r t i a  may b e  d . e t e rmined .  The f o l l o w i n g  r e l a t i o n s  may 
t h e n  be  worked o u t .  (See f i g .  1 8 . )  

a n d  

where  

r b  moment arm of b a l l a s t  required, f t  

I r  r e q u i r e d  moment o f  i n e r t i a  a b o u t  p i v o t ,  s l u g - f t 2  

I o  moment of i n e r t i a  of u n b a l l a s t e d  model  a b o u t  i t s  own 
c e n t e r  of g r a v i t y ,  sZug-ft2 

w 0  w e i g h t  o f  u n b a l l a s t e d  m o d e l ,  l b  

r o  moment arm of u n b e l l a s t e d  mode l ,  f t  

f b  moment o f  i n e r t i a  of  b a l l a s t  w e i g h t  a b o u t  i t $  own 
c e n t e r  of g r a v i t y ,  slug-ft2. N e g l e c t ,  a t  least 
f o r  f i r s t  a p p r o x i m a t i o n  o f  rb  

J 
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wb r e q u i r e d  b a l l a s t  w e i g h t ,  l b  

A c h e c k  d e t e r m i n a t i o n  of t h e  moment of  i n e r t i a  is 
usually made a f t e r  s e t t i n g  t h e  p r o p e r  b a l l a s t  a t  the con- 

0’ p u t e d  l o c a t i o n .  
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I 

Figs. 1,2 

Length of mode/ 
Spon of wlnq 
Depth o f  wafer 
Widtb of fonk 
Hetqhf of roller 

cage from water  
Height of bottom o f  
pusher carr-loge 
from water 

~enqfh  of  boom be- 
+weep pusher and 
main carriage 

fin1 
12841 
200.00 

72.00 
288.00 

40.00 

I1900 

300.00 

[For main carriage see reference 3) 

Figure 1.- General arrangement of Dusher carriage fQr towing dynamic models. 

Figure 2.- Lines of model lOlBA 
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Figure 8. - del 101 being towed u 
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NACA Figs. 9,11 

Figure 9.- Model 101BC. Scatter of points obtained during tests 
of lOlBC. 

I I I I  
20 24 28 32 36 40 44 48 

Speed fps 

Figure 11.- Model 101BA, Illustration of condition o f  stability as 

tail settings, 
obtained by tests with fixed tail settings and varied 
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Figs. 12,13 
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Figure 12.- Model 101BC. Stability characteristics obtained 

Load at rest, A ,  = 76.5 l b ;  mass moving vertically, 76.5 l b .  
during accelerated and constant-speed runs. 

Figure 13.- Model 101BC. Effect of increasing moment of inertia, 
constant-speed runs. 
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NACA Figs.  14,15 



NACA Figs. 16,17 

Figure 16.- Model 101, Effect of depth of step on limits of 
stability. 

Figure 17.- Model 101BC. Effect of load coefficient on limits 
of stability. 



NACA Figs. 18,19 

~~ ,~~ Pair of knife edges 

. Rigid hnks 

L $1 

Figure 18.- Knife-edge pendulum f o r  determination of moment 
of inertia. 

w 

~ l g h f  -weiqhf cord 

Figure 19.- Added weight method of swinging model to determine 
moment of inertia. 


